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Publisher’s Preface 


In the history of the literature of pyrotechny, this is certainly not the first time 
a work has been posthumously published. The very first printed book on this 
subject, the Pirotecnia of Vannoccio Biringuccio (1480-1539), appeared in 1540. 
The first American work on the subject, 4 System of Pyrotechny, by James Cut~ 
bush (1788-1823), was published in 1825. That task fell to his widow Clara. 

Another significant example is the first work to treat pyrotechnics from the 
“scientific” or quantitative approach, rather than the empirical, the Lehrbuch der 
Pyrotechnik of Prussian artillery officer Moritz Meyer (1798-1838), published at 
Berlin in 1840. More recently, Pyrotechnics by George W. Weingart was reissued 
twenty years after its author's death in 1948, and, most eecently, Dr. Herbert 
Ellern’s Military and Civilian Pyrotechnics (1968) has been reprinted by the origi- 
nal publisher many years after that author’s death. 

Regrettably, Dr. Hardt died suddenly only a few weeks after completing the 
first draft of his manuscript. This rested for a rather long time with a large pub- 
Fisher, and eventually Alex’s widow, Peggy Hardt, retrieved the manuscript and 
requested that I see the manuscript to publication. It has not been exactly an easy 
task for me, and being a small specialty publisher, it did take quite some time to 
track down the funding and to assemble a group of very cormpetent editors. 

I should like to thank Dr. Takeo Shimizu, a good personal friend of Dr. Hardt, 
who was the very first person to review the manuscript. Dr. Shimizu also gave a 
very gencrous financial gift to help with the publishing costs. T also thank the 
Pyrotechnics Guild International, Inc., for their own generous grants toward 
completing our work. 

Dr. Hardt left extensive instructions about how he wanted the book to appear 
as a published work. Essentially he wished that it follow the pattern of Ellerr’s 
organization in his last work. but he wanted the information to be up-to-date and 
current. In the case of Ellern’s book a guest author, the Revd. Ronald Lancaster, 
was asked to write the chapter on fireworks. Following this precedent, the gifted 
fireworks craftsman Barry Bush was willing to write the fireworks chapter for the 
present work. He also ce-wrote and expanded the glossary. 1 also thank Dr, Jere- 
my Clayre for supplying information on Japanese firework techniques. Dy, Clayre 
worked at a Japanese fireworks factory during his student days. 

Many technical advances have been made during the last decade of the past 
century, especially in the computer realm. Dr. Barry T. Neyer, Director of 
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Research and Development at PerkinElmer Optoelectronics, Miamisburg, Ohio, 
and also President of Neyer Software, Cincinnati, Ohio, generously agreed to 
write the chapter on statistical techniques, which covers the most recent progress 
in this area, 

T should also like to thank the “team” who edited and updated the text. The 
editing team consisted of Barry Bush, Dr. Jeremy Clayre, Dr. Bernard E. Douda, 
Alex Schuman, and Michael S. Swisher. 

Those farniliar with the technical pyrotechnics literature will recognize Dr. 
Douda as the Senior Scientist for Pyrotechnics, Ordnance Engineering Direc- 
torate, NAVSEA Nawal Surface Warfare Center at Crane, Indiana. Dr Douda 
has been active in military pyrotechnics for fifty years. From more than a year of 
round-robin e-mail conferencing, | have a huge file of Bernie’s suggestions, addi- 
tions, and corrections, as well as a box of the reports and additional references he 
thought would be valuable in augmenting the original manuscript to reflect 
advances made in pyrotechnics since Dr. Hardt’s death. 

Dr. Clayre and Mr. Schuman made many a literature search and did much 
tedious bibliographical work. Mr. Schuman is employed by B/E Aerospace, Inte- 
rior Systems Group, at Lenexa, Kansas. 

Many thanks also go to the Rewd. Ronald Lancaster, M_A., M.B.E., of Kim- 
bolton Fireworks, Ltd. in England, who read the proof pages and offered many 
valuable suggestions and corrections. 

Jorge Ferrando of Argentina, while managing Cienfuegos Ltda., a Brazilian 
fireworks factory using Chinese techniques, also generously allowed me to take 
photographs at their factory. 

Most importantly, | extend my appreciation to Peggy Hardt Long, Dr. Hardt’s 
widow, for her patience and encouragement over the many years. 


Rospert G. CARDWELL 
Pyrotechnica Publications 
September 2001 
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Author’s Preface 


Someone once said that “if two people share a responsibility, each one has 
about 10%.” Whereas this book began as a revision of Herbert Ellern’s first and 
second books, Medern Pyrotechnics (1961) and Military and Civilian Pyrotechnics 
(1968), the greatly expanded volume of recent primary references made a com- 
plete revision of the old material necessary: 

Why another book on pyrotechnics? It has been almost 20 years since the last 
comprehensive review was published and a new look may serve to highlight these 
changes. This book is offered in the hope of meeting this objective at least in part 
by presenting an overview of the significant ¢ advances, 

Instrumental analysis in the laboratory, electronic detection, and safety prac- 
tices in the field have been improved. Production was affected by automation 
only to a small extent in processing of fare compositions. Micron-size metal 
powders are now routinely available for a reasonable price. Mash compositions 
have seen few advances. Low-voltage initiators are used with new primers and, in 
some applications, they have been supplanted by exploding bridgewires, laser ini- 
tiators, and slapper-cletonators. 

Old applications have fallen into disfavor; new ones have come into being. 
Pyrotechnically actuated seat-belt cinchers, automobile airbags, and deflagrating 
energy-transfer systems ate now used. Concern with environmental issues has 
Proust ht about changes in the choice of organic dyes and in the protection of per- 
sonnel handling them. Carcinogenic effects of chromates and the toxicity of cer- 
tain firework ingredients have prompted the search for substitutes. 

Yet the reader may be disappointed that many issues are not discussed more 
fully within the framework of the current state of the art. There is a con respond: 
ing need for a contemporary presentation of such subjects in new monographs. 

as the instrurnentation of radiometry in the visible and infrared 
spectral regions, as well as recent advances in exploding bridgewire and foil tech- 
nologies need to be more fully explored. Image processing in the field (as in ther 
mography) i is now a reality and will aid in the development of iraproved ap 
tions for pyrotechnics. Even now the science of pyrotechnics offers much virgin 
territory for the study of high-temperature kinetics, spectroscopy, nonequilibriura 
thermodynamics, and numerical analysis. 

T expect to see in the near future further development of new detonants based 
on metallic codrdination compounds which are hot-wire sensitive yet stable and 
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reasonably safe to handle. New energy-transfer systems will be perfected which 
depend on novel deflagrating compositions and on shock transmission, New 
solid state laser output will function either through fiberoptics or be generated in 
situ, 

In the last ewenty years the microcomputer has become the standard office and 
laboratory tool for the processing of large quantities of data as is required for 
Fourier transforms, in the calculation of equilibria, and in the study of kinetics. 
Compilations of available software and applications become obsolete almost as 
soon as they are published. 

U have updated the material on the history and manufacture of the safety 
matches from the earlier books by Herbert Ellern, a subject of interest and value. 

At times I would gladly have opted for a book written “by committee,” espe- 
cially because many disciplines, even within a narrowly defined branch of tech- 
nology, require the expertise of a specialist. Still, so many individuals have given 
freely of their knowledge and advice that much of what is current is due to their 
help. Dr. Bernard Douda, Naval Surface Warfare Center, and Bob Blunt, former- 
ly of the Denver Research Institute, were so kind as to read the manuscript in its 
entirety, and then to furnish what were in the end key references. To them I can 
only express my heartfelt gratitude. I thank Dr, Takeo Shimizu and the late Pro- 
fessor Shidlovekii for copies of their books, and I thank Dr. Shimizu for his gra- 
cious permission to use some of his material. ] am also obliged to Dn Stig 
Johansson of Interrnatch Sweden AB for updating my material on matches. Spe- 
cial thanks go to the Lockheed Palo Alto Research Laboratory. 

Dr. Ellern passed away since I began this book. I am fortunate to have been 
able to draw on his accurnulated experience as contained in his earlier volumes. 
He had expressed the wish to see both the appearance of Halley’s comet (for the 
second time) and the publication of my book, and I regret that he did neither, 


ALEXANDER P. HARDT 
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Biographical Note 


Alexander Paul Ginter Hardt was born in Canton, China, on 16 June 1930. 
His pratidfather, Paul Hardt, son of a veteran of the Franco-Prussian War and an 
artillery officer himnself, married Hedwig Ringelmann, the only daughter of one 
of the oldest families in Osnabriick, Germany. Paul and Tledwig had two chil- 
dren, Helmut and Ginter, Alex’s father. 

Ginter, after several positions in Uruguay and Chile, found employment in 
Canton, where he met Doris Jane Marsales, a Michigan-born English instructor. 
‘They were married in December, 1929. 

Aléx, born the following year, was not a strong child, and five years later, with 
the threat of dysentery, malaria, and tuberculosis in China, his parents decided 
that Alex should live with his grandparents in Osnabrtick where the climate was 
better and he could receive a healthier upbringing. 

Alex, his mother, and his younger sister Joyce boarded a freighter at Madras, 
India. Ir was filled with wild animals bound for a zoo in Germany. Alex’s mother 
and sister returned to China, and except for a six-month vacation during 1938, 
Alex would not see his parents again until 1947. 

‘The young Alex lived in the Ringelmann house with his grandparents and 
yeceivéd an excellent education in the German schools. ‘These times, while not 
happy, were quite vivid in Alex’s memory: the many schools he attended, and 
later the air raids, the firebombings, the destruction of the Ringelmann house, 
the War. 

In March, 1947, at age 16, after much paperwork, Alex was on his way to 
Ametica to rejoin his family in San Francisco. They had arrived there just before 
Peatl Harbor, and had rented an apartment. Alex’s sister Joyce had made the 
acquaintance of Peggy Sorensen, whose parents lived nearby. The Hardt family 
moved later to Hillsborough but kept in touch with the Sorensens. 

When Alex arrived in Hillsborough, he attended Burlingame High School to 
improve his English. Academically he was beyond the American high school 
curriculum. After graduating from Burlingame with honors, he enrolled at the 
University of California at Berkeley, where he was the first to pass all entrance 
exams on the first attempt. He studied chemistry there. His graduate studies 
were at the University of Washington at Seattle, and in four years Alex earned a 
Masters and Ph.D. degree in chemical! engineering. 
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After graduation Alex worked for two years at Stauffer Chemical Company in 
Richmond, California, where he had worked during the summers as an under- 
graduate. He did not like this work and attended Boalt Hall Law School but 
soon tired of law. Eventually, in 1962, Hardt obtained employment at Lockheed 
Missiles and Space Co., Inc., at Palo Alto, California. There he worked exten- 
sively on tracer munitions, improving incendiary ignition systems, and exother- 
muc intermetallic reactions, with emphasis on the chemical reactions of titanium 
and zirconium. He remained there until his terminal illness. 

His publications, which touched, infer alia, upon tracers, intermetallics, self 
propagating high temperature synthesis (SHS), and delays, were extensive, and 
some are cited in the present book”! "Though he was primarily a con- 
tributor to journals and an author of government reports, he also was a signifi~ 
cant contributor to the definitive Eneyclopedia of Explosives and Related Ttems™. 
Among the monographs signed by him in that reference work are “Safety in the 
Energetic Materials Field” (pp. S6-$29); “Thermochemistry” (pp. T190-T204); 
“Ultrasonics in Ordnance” (pp. U26-U32); “Uranium” (pp. U85-192); “Zine” 
(pp. 22-26); and “Zirconiuun and Hafniurn’ (pp. 711-223). He also wrote the 
article on “Pyrotechnics” for the third (1982) edition of the Kirk/Othmer Ency~ 
clopedia of Chemical Technalagy,.” 

Uardt married Peggy Sorensen in June, 1960. In 1961 they purchased a house 
in Piedmont, California where two daughters were born: Janet Marie in 1963 
and Jody Ann in 1965. The family soon afterward moved to Saratoga. 

Alex worked extensively in the pyrotechnic field ar Lockheed as a chemical 
engineer. During his employment there he became a good friend of Dr. Herbert 
Ellern and also of Dr ‘Takeo Shimizu, who also specialized in pyrotechnics, in 
the broader sense of that word as it applies to military and industrial applica- 
tions. 

This “big three” in the pyrotechnic field met together in 1985. Hardt and 
Shimizu were both active in the early days of the International Pyrotechnic Soci~ 
ety (IPS). 

Dr, Ellern’s final book, Military and Civilian Pyrotechnics, was by then nearly 
twenty years old and out of print, and a revised and updated adaptation of the 
work was discussed extensively between Ellern and Hardt. Dr. Hardt began work 
on this new book in the mid-1980s, and the work was progressing towards com- 
pletion when he was diagnosed with cancer early in 1989. He had just finished 
the first typescript some weeks before his untimely death on 21 April, 1989. 


A ‘Tribute to the Memory of 
Dr. Alexander P. Hardt 


[from PYROTECHINICA * XIII (August, 1990)] 


Dr-Alex Hardt fooled quite tough as if he were one of the grand Muir red- 
woods in Mill Valley, California, which no wind or storm could blow down. He 

spoke very cheerfully when we were sitting around a dinner table in a restaurant 
with Mr. James [. Austing and his family. It was a pleasant evening at the 13th 
International Pyrotechnics Seminar in Grand Junction, Colorado, on 11-15 July, 
1988. 

‘Then, to my great surprise, I received a letter from Dr. Hardt dated 16 Febru- 
ary, 1989, in which he wrote: “Shortly before Christmas, T was found to have 
inoperable cancer. | want to assure you of my appreciation of having known you 
and regret not to be able to host you at the 1990 meeting of the Franklin Society 
in San Francisco.” [It was the last letter to me from him. Thereafter, from Mr, 
Robert G, Cardwell’s information, | knew his condition very rapidly became 
worse and he died on 21 April 1989. Mr. Cardwell enclosed a copy of the funeral 
service announcement in which there was a poem that could serve as Dr. Hardt’s 
jast will and testament: 


Please don’t remember me with fears and sadness, 
Remember me with joy and laughter. 
For that’s the way Pll remember you. 


T saw Alex Hardt for the first time when I was in San Francisco in 1980 during 
my trip to the USA and Europe. He took me to Dr. Herbert Ellern’s home, 
where we were warmly received for dinner by Dy. Ellern and his wife. | remem- 
ber Dy, Ellern’s very nice handmade cake that was presented to us. After the visit, 
Dr Hardt took me to Mill Valley to see the Muir redwoods. 

The second time I saw Dr. Hardt was in 1985, in Karlsruhe, W. Germany, on 
the occasion of the 10th International Pyrotechnics Seminar. He had a very thick 
manuscript of his book on pyrotechnics under his arm and asked me to read 
through it in one night. This perplexed me because I did not have enough time 
to read through it and only quickly went through the pages, returning it to him 
the next morning. 

‘The third opportunity I had to see Dr. Hardt was in Vail, Colorado at the 11th 
IPS Seminar. He had a heavy copy of the seminar proceedings under his arm; he 
looked a man of sturdy physique. 
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We have recently lost two famous pyrotechnists of great erudition, Dr. Ellern 
on 17 March 1987 and now Dr. Alex Hardt, the successor of Dr. Ellern, just two 
years later, at the age of 59. A copy of the manuscript for his book is now on my 
worktable and I am reading it again at the request of Mn Robert G. Cardwell 
(Or Hardt changed publishers shortly before his death, turning over the manu- 
script to Pyrotechnica Publications, to be published posthumously). T know it 
will not be an easy task to publish such a special work on pyrotechnics, and I 
hope to write some book reviews on. it for journals on explosives in Japan which 
have marry readers in English. 

My thoughts and feelings go out to his surviving family: his wife, Pegey Harde, 
and his two daughters, Janet and Jody, and his mother Doris Jane, who are, to my 
regret, unknown to me. | hope that people will warmly and kindly encourage 
them in the future days. 


‘TAKEO SHIMIZU 
Kawagoe-shi, Japan 
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Alexander P. Hardt, 1930-1989 


[from the Saratoga, California News, 3 May, 1989] 


A memorial service was held April 25 at St. Andrew's Episcopal Church for 
Alexander Hardt, who died on Apr. 21, 1989 in his home of cancer. 

Born on June 16, 1930 in Canton, China, Hardt was raised in Germany where 
he went to school until the age of 17 [sie]. He came to the United States after 
World War UL. A graduate of University of California, Berkeley, Hardt also had a 
Ph.D. in chemical engineering from the University of Washington, Seattle, 
Washington. He has lived in Saratoga for 24 years. 

Hardt was employed as staff scientist at Lockheed Palo Alto Research Labora- 
tory from 1962 until his retirement in January 1989. He has written numerous 
publications in scientific literature and has co-authored a book, Muitary and 
Civilian Pyrotechnics |sic|. A member of the International Pyrotechnics Society, 
he also liked to refinish antique furniture. 

Hardt is survived by his wife Peggy Hardt of Saratoga, two daughters Janet 
Hardt Brocato of Vallejo, Jody Ann Hardt of San Leandro; son-in-law Mike 
Brocato; mother, Doris Jane Hardt of San Jose, and unde Helmut Hardt of Ger- 
many. 

The family requests contributions to be made to the Hospice of the Valley, 


1150 S, Bascom Ave., San Jose, CA 95128. 
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Chapter r 
Definitions, Scope and Literature 


Pyrotechnics is distinguished from the closely related technology of explosives 
and propellants though their functions frequently overlap. Because a large body 
of specific scientific knowledge has grown up for both, it would be quite wrong 
to include much of it m an mtroductory volume on pyrotechnics. Furthermore, 
pyrotechnics embodies many aspects of current advanced science which have 
never been treated systematically, and therefore the addition of one more book to 
the existing literature seems justified. 

In general (though not exclusively) pyrotechnic reactions do not involve com- 
bustion with ambient material such as air or water because they usually proceed 
from the self-contained exothermic reactions of solid mixtures. These seactions 
can occur with or without the formation of gaseous products and at rates which 
can vary from moderate to explosive. Pyrotechnic reactions can be employed for 
the sake of the evolved heat, sound, smoke, light, fame, colored light, or gus. 
Pyrotechnic devices tend to be storable, portable, and capable of being triggered 
by a small external energy source. Moreover, they store energy more efficiently 
and cheaply than electrical or mechanical devices. 

In the past it was customary to decry the primitive state of the science of 
pyrotechnics. Happily the last two decades have seen much improvement both in 
scope and content of published information. 

Much of the literature on pyrotechnics has been published abroad, many of the 
older references being in German or Russian. One such is Principles of Pyrotech~ 
nics (Ocnontt Iluporexuuxn) by Professor A, A. Shidlovskii, which appeared in 
several editions in 1943, 1954, 1964 and 1973, and which has been translated 
into English as a Government report”. 

Terbert Ellern published Modern Pyrotechnics” in 1961 and Military and Ciwil- 
ian Pyrotechnics” in 1968. Ellecn’s work satisfied a critical need for an introduc~ 
tion to the subject. Both books ernphasize an empirical approach with minimum 
stress on theory and analysis, Ar the same time, an attempt was made to avoid 
the format of a cookbook, by discussing underlying principles. Both books are 
now out of print,” prompting in part the undertaking of this work, intended as a 
successor, 


* Mibtary and Civilian Pyrotechaus has recently been reprinted by its original publishers. 


Pyrotechnic literature is commonly characterized by fragmentation and the 
lack of a comprehensive outlook. This is probably a reflection of the particular 
bias and background. of the authors. Both Shidlovskii and Ellern have reviewed 
much of the early material. Because their references are generally not available, or 
are of an obscure nature, an attempt was made in the present work to rely on 
sources with a reasonably wide circulation. 

The Aerospace Ordnance Handbook’ contains useful information on pyrotech- 
nic devices and is not restricted to a discussion of space applications. On the 
other hand, the first edition of Hlandbook of Pyrotechnics by Karl ©. Brauer, its 
title notwithstanding, encompasses aspects of ordnance initiation, as they apply 
to space technology. 

"Two more recent books are Joseph MclLain's Pyrotechnics’ which includes cer- 
tain aspects of solid state chemistry, such as thermal analysis techniques, in an 
attempt to lay a scientific foundation for pyrotechnics. This trend of applyi ing a 
more rigorous or analytical viewpoint was continued by John A. Conkling in his 
recent The Chemistry of Pyrotechnic” 

The continuing fascination with fireworks is reflected in a steady supply of new 
references. Articles by Conkling™ and Menke” have afforded brief overviews. A 
series of scholarly essays, published in irregular intervals, is edited by Robert G. 
Cardwell under the apt title PYROTECHNICA — OCCASIONAL PAPERS IN 
PYROTECHNICS™. ‘These are superior references that can only be faulred in that 
to date, the subjects covered remain incomplete. They do, however, provide an 
anthology the expansion of which is anticipated. 

Readers of fireworks literature are often exposed to shoddy publishing stan- 
dards. It is therefore gratifying to find in Shimizu’s works a willingness to present 
information which has been traditionally regarded as a closely held secret. Only 
the description of fireworks manufacture can adequately illustrate the division 
between fireworks and military pyrotechnics with its enyphasis on reliability and 
industrial producibility, Civilian freworks manufacture retains much of the char- 
acter of a cottage industry. Shimiau’s Fireworks, the Art Science and Technique” is 
an updated English version of an earlier Japanese publication. It is particularly 
useful as a reference on the selection of pyrotechnic ingredients and for its graph- 
ic description of some techniques in the actual assembly of devices. A recent 
translation of Shimizu’s Fireworks from a Physical Standpoint?"* is also an impor- 
tant effort to treat firework phenomena in a systematic and rational manner. 

Relatively current (1998) is Ronald Lancaster's Fireworks Principles and Practice 
(third edition).’” First published in 1972, this book is considered the standard 
authoritative work on fireworks. Ube earlier Chemistry of Powder and Explosives 
by T. L. Davis™ was a classic reference, so much so in fact, that it has been 
described as the “case of the mussing pyrotechnics book” owing to the tendency 
of being * “borrowed” without permission from public and private collections. It 
contains a substantial formulary, much of it dated, but is copiously illustrated 
with quaint half-tones and drawings. Having been out of print for many years, 
it was recently republished on the expiration of the original copyright. Davis's 
book illustrates the risk of fulfilling the expectations of the amateur fireworks 
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enthusiast, to the extent that public libraries are loath to buy the book owing to 
the danger to public property and lives as well as the tendency for its ownership 
to be brief. 

Weingart’s manual, Pyrotechnics’”, though in many respects badly outdated, 
remains in print and is also regarded as a classic reference on fireworks. The last 
edition, dated 1947, is in fact a revision of a series of works, the first of which 
appeared in 1930. While not reflective of the current state of firework manufac- 
ture, the book contains much information about techniques and effects that is 
not to be found elsewhere, and for this reason it deserves mention. 

George Plimpton’s coffee table book Mrewerks:.4 History and Celebration’, is 
copiously illustrated, and of great interest to those wishing to explore the ethnic 
roots of fireworks in America. A relatively recent German contribution is Das 
Buch dev Feuerwerkskunst, Greno Verlag, 1987 (G. Sievernich, Ed.) which is larg- 
er and more costly than Plimpton’s and quite devoid of technical information. 

Great emphasis on the historical and martial aspects of pyrotechnics is found 
in Partington’s History of Greek Fire and Gunpowder”. The original edition, long 
out of print, has become. a collector's item, and recently a reprint has been issued. 
Good reviews are sometimes found in technical encyclopedias, although one has 
to seek information under more than one entry. Ellern and this author provided, 
for instance, the material for “Matches” and “Pyrotechnics,” respectively, for the 
current issue of Kirk-Othmer's Encyclopedia of Chemical Technology”, as did 
Johansson elsewhere. General encyclopedias may be strong on the historical 
aspects of match manufacture, but weak on technical details about any topics im 
pyrotechnics. Matches have also been treated in a recent monograph” which is 
recommended to the reader who wishes to go beyond the material presented in 
Chapter 11 of this book. 

Military pyrotechnics have been explored rather thoroughly in the Encyclopedia 
of Explosives and Related Items”, published over a period of 20 years as a set of ten 
volumes. One is told that this effort will be the last one for the publication of 
hard copies, and that in the furure the material will be published in a computer- 
accessible form. The reader is cautioned when using this reference in that more 
recent information is found under the last letters of the alphabet: azides are dis- 
cussed under “p” for primary explosives and ignition mixtures can. be found under 
“2” fox zirconium mixtures. The index at the end of Volume 10 provides useful 
cross-referencing assistance. 


Information on military pyrotechnics is well presented in the Mihtary 
Pyrotechnics sexies’""" which, though dated, covers the subject more thoroughly 
than do technical reports that are generated by the various laboratories of the 
armed services. Moreover, reports and other publications issued by the U.S. gov- 
ernment are available through the National Technical Information Service 
(NTIS), 5285 Port Royal Read, Springfield VA 22161, identified by an “AD 
number”. The mere existence of an “AD number” is, of course, no assurance that 
the report is still in print. As with other sources in the pyrotechnics literature, 
many of the older citations are much sought after and may have to be obtained as 
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a photocopy, Some reports have a limited (restricted) distribution, even if they 
are not clas a. 

In recent years, scientific journals have provided a platform for the discussion 
of current advances. The Proce EDINGS of the biannual meetings of the Interna- 
tional Pyrotechnics Seminar (formerly sponsored by the Denver Research Insti 
tute, but now by the Illinois Institute of Technology), have been published in 
bound volumes which may be back-ordered. ‘The Franklin Research Laborato- 
nies, Philadelphia, Pennsylvania, have also sponsored biannual Symposia on 
Explosives and Pyrotechnics the PROCEEDINGS of which have also been pub- 
lished. The recently formed International Pyrotechnics Society publishes PRo- 
PELLANTS, EXPLOSIVES AND PYROTECHNICS Gu or to EXPLOSIVSTOFFE) for 
the multilingual community. Searches of COMBUSTION AND FLAME, of the PRO- 
DINGS OF THE ComBusTION INSTITUTE and of the Russian PHysics oF 
BUSTION AND EXPLOSION are also frequently rewarding. 

in| his books, Herbert Ellern also prov ‘ded citations on military specifications 
of the devices and components described, It is the experience of this author thar 
without exception, the specification is outdated or superseded. For this reason 
such information has been mostly omitted in this book, but if the reader desires 
the current data, he is directed to the Department of Defense Index of 
Specifications and Standards. 

Finally, those interested in an exhaustive listing of older books on fireworks 
nay refer to A Bibliography of Fireworks Books by Chaxis Philip. While bibliogra~ 
phies of works of pyrotechnic interest have often been appended to books about 
other aspects of pyrotechnics, this outstanding and extensive bibliography is the 
only one on this subject to stand on its own. 


Chapter 2 


Safety and Handling of Hazardous Materials 


Safety problems arise partly because concerns in pyrotechnics differ frorn those 
encountered with explosives and propellants. Pyrotechnic devices contain com 
plex mixtures, the hazardous properties of which depend on many factors. Haz- 
ards derive from electrostatic sensitivity, particle size, stoichiometry, and cherni~ 
cal potential, to mention a few factors. Sensitivity to initiation can be affected by 
heat, shock, friction, and moisture. Propellants and explosives, on the ether hand, 
are usually either single compounds, or mixtures the hazardous properties of 
which are primarily determined by the explosive constituent. 

‘The number of accidents per capita employed in the pyrotechnic industry (par- 
ticularly in the civilian sector) is much larger than in related industries. Tragic 
occurrences in school chemistry laboratories are sufficient reason to classify these 
events by type and to establish guulelines for their prevention. 

The principal hazard in pyrotechnics is, of course, uncontrolled ignition fol 
lowed by combustion in confined spaces. Pyrotechnic mixtures contain their own 
oxidizers and will burn without ais, although sometimes not to completion. Fre~ 
quently explosions are described as being detonations. Properly speaking, detona 
tions result from high- ~order (complex kinetic) decomposition of an explosive, 
and produce reaction fronts which propagate at supersonic speeds as a “shock 
wave” Such shock waves expand radially from the source and can be confined (to 
some extent) with barricades. By contrast, barricades tend to confine and channel 
an explosion so that the debris and flame is directed with particular danger to 
structures and personnel. Death and injury from pyrotechnic accidents are caused 
by burns, fragment impact, and lung damage. Each instance of pyrotechnic han- 
dling must be exarnined separately with respect to: 

* the quantity of reactive materials 

» the manner of confinement 

* shielding against the spread of fire and the scattering of fragments 
* sources of initiation 

One of the most hazardous aspects of handling pyrotechnic materials derives 
from the difficulty of predicting the initiation sensitivity of new combinations of 
familiar ingredients. Of course, preliminary conclusions can be drawn from the 
combustion rate and ignition temperature. Preliminary tests therefore tend to 
include igniting a gram-size quantity. Unfortunately, all such tests produce 
mere warning signs because a seemingly safe result does not preclude hazardous 
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consequences if the mixture should be confined, moist, dry, or otherwise different 
in some small measure from the test sample. 

‘This uncertainty leads to the practical rule that every pyrotechnic operation 
should be considered potential ly dangerous even if mitial safety tests atmed at 
preventing accidental initiation have been reassuring. Therefore, the emphasis 
es on the ever-present and undeniable possibility of accidental initiation, rather 
than on the means of reducing the chances of mishap. ‘This helps change the 
attitude from one of complacency (Everything has been done to prevent an 
accident”) to the more realistic view anticipating a “worst case” scenario (Ze, 
“what happens if the mixture goes off notwit) standing all measures taken?”). 

Because complete remote control of weighing, mixing and processing in the 
workplace is not feasible on the floor, protection of personnel. is a matter of pri- 
mary importance. In the laboratory this means handling gram-size quantit 
protecting the eyes, face, and hands, and preventing the ignition of clothing. 
While taking these measures, compromises are necessary in order to make the 
worker accept the encumbrances of safety glasses, gloves, safety shields, etc., and 
also not to hinder the operator in fulfilling his task adequately. “he idea that an 
operator will protect himself out of self-interest is unfortunately incorrect. 
Because of such unwillingness to obey mere exhortations, absolute rules must be 
given to the worker to wear safety equiprnent. Usually, there are no difficulties 
with those who already wear eyeglasses. But the person who does not wear glass~ 
es away from work (or who wears contact lenses) must be required to wear eye 
protection in the work area at all times and may not be permitted to use his own 
judgment in this matter. Even if the worker (e.g., a janitor) merely handles an 
inert material, that worker may be near a co-worker engaged in hazardous opera~ 
tions. Side~shields on eyeglasses or goggles are a desirable protection, but are 
often mistakenly forgone in order to make the lesser protection of ordinary safety 
glasses acceptable and enforceable. Another important safety measure falls into 
the category of housekeeping in that no flammable liquids or energetic sub- 
stances may be stored near the worker, as fires could spread much faster than if 
the work substarice alone were involved. 

When handling priming mixtures, first-fires and the like, even in small quanti~ 
ties, the use of a stationary shicld made of reinforced glass, or a polycarbonate 
such as “Texan,” with access ports for the gloved and grounded hands, is strongly 
recommended. 

Suede leather gloves (which are washable but which must be kept clean*) per- 
mit mobility of the fingers while affording protection against searing flashes. 
Rubber or plastic gloves must never be worn because they can melt when hot and 
stick to damaged skin, making their use worse than no protection at all. 

Many mixtures, particularly those compounded without metallic ingredients, 
and which may contain a primary explosive, are so sensitive to static discharge as 
to be susceptible to imitiation by the accumulated charge on the body of a worker 


*'They are easily washed in lukewarm water while on the hands. When clean, a tinse 
after the final soaping is omitted, This keeps the gloves flexible after drying. 
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who is improperly grounded or clothed. In very cold climates and in very arid 
climates, these risks are particularly severe. As a matter of routine, the work area 
should be covered with a grounded conductor and the operator should be 
grounded with wrist-straps. As a further precaution, pyrotechnic mixtures should 
be stored in nonsparking metal cans or other conductive contamers. 

In outer clothing, anything that is reasonably flame-resistant and does not lend 
itself to build-up of static charges is permissible. Wool clothing, although it does 
create static charges, is an excellent protective covering. Nylon garments should 
be avoided because of poor protection against flash fires (they melt) and because 
of the pronounced tendency to accumulate static charges. Many garments rec~ 
ommended for pyrotechnic work have proven to be hazardous in themselves in 
that they induce clumsiness or are so uncornfortable that they tempt the opera- 
tors to remove them. Cotton clothes have the advantage of being insignificant 
generators of static charges, but unless fireproofed, are easily ignited. This is par- 
ticularly the case once clothing has become impregnated. with pyrotechnic mate- 
rials. Regular laundering of all work clothes is recommended. Safety showers are 
most desirable, while safety blankets are of dubious value. 

There is a difference between hazards to be avoided in the laboratory and those 
encountered in the production of pyrotechnic devices on an industrial s 
Production facilities may have remote-controlled operations and specially 
designed equipment protecting operators from mishaps. On the other hand, the 
quantity of materials being handled in such situations is so much greater that 
procedures acceptable on a laboratory scale are no longer so in a production scale. 

One of the variables to be controlled is relative humidity, which has a strong 
effect on the moisture content and hence, the electrical resistance of the mix- 
tures. Low moisture content increases the likelihood of a static charge. This 
problem is further complicated by the presence of complex mixtures of fuels and 
oxidizers, each with its own peculiar response to external stimuli. 

Many authorities caution against the use of oscillatory granulators and the 
hand screening of chlorate and perchlorate mixtures containing metals. Shidlov- 
ski? warns against the mixing of zinc, aluminum, or magnesium with heavy- 
metal salts, especially if the latter are hygroscopic. To do so may bring about dou- 
ble decomposition reactions which could lead to instability in the mixtures. The 
charging of lead azide into copper receptacles, for example, may result in forma- 
tion of highly unstable cupric azide. Another hazardous exchange reaction may 
occur when chlorates are mixed with ammonium salts, leading to the possible 
formation of ammonium chlorate, which is prone to spontaneous decomposition. 


The Problem of Hazardous Chemicals 

In general, pyrotechnic ingredients themselves tend to be safe, aside from the 
problem of toxicity. But whenever an oxidizer contacts a reducing material, a 
reaction is possible. By its very nature there can be no such thing as a “safe” 
pyrotechnic mixture. Contact between pyrotechnic mixtures and reactive materi- 
als can be inadvertent, as through the dispersion of a combustible dust in air, 
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wetting with water, or the use of a carbonaceous additive to oxidizers as an anti- 
caking agent.* 

Reactive metals reduce chlorinated hydrocarbons; as an extreme example, a dis- 
persion of metallic sodium in carbon tetrachloride has explosive properties. 
Chlorinated hydrocarbons may be excellent degreasing agents, but they must 
never be used in place of hydrocarbon solvents. 

Whereas some oxidizers can explode by themselves (e.g., ammonium perchlo- 
rate, ammonium nitrate) the principal danger arises from their admixture with 
fuels. Mixtures of chlorates with carbonaccous fuels are more dangerous than 
some mixtures with metallic fuels, because on reaction, gaseous products are 
formed which produce large propagation velocities in confined spaces. While 
these propagation velocities may reach 2000 m/s (as can black powder explo- 
sions), the propagation rates are below the sound velocity in that medium and 
therefore have more the characteristics of an explosion than of a detonation. 
Ammonium perchlorate can explode violently, as it does in flash compositions 
containing 35-40% aluminum powder. This reaction produces a greater gas vol- 
ume than does the same mass of nitroglycerine. 

Pyrotechnic reactions take place upon the dissociation of the oxidizer, a process 
which generally requires the input of heat. Chlorates decompose exothermically 
with almost zero heat of activation; a chlorate teaction, once initiated, propagates 
more rapidly than would be the case, caferis paribus, with another oxidizer. This 
exothermicity of chlorate decomposition also greatly facilitates the ignition 
process. Blends of potassium chlorate with aluminum or with antimony sulfide 
are capable of violent explosion in small quantities, and can thus be used as the 
exploding charge in firecrackers. 

A peculiar problem has been reported in the European pyrotechnics litera- 
ture". The availability of sodium chlorate as a weed killer has prompted its use, 
when mixed with sugar, as a bomb explosive. Sodium chloride has been found to 
desensitize the chlorate, but such phlegmatization should not be considered a 
solution to the problems posed by making chlerates available to the general pub- 
lic without control. 

No mixture of a chlorate with sulfur should be prepared, wet or dry, unless a 
carbonate or bicarbonate is added as an imbhibitor before mixing. Even more dan- 
gerous is the mixture contained in toy caps! (“amorces”) which is prepared from a 
wet slurry of red phosphorus and potassium chlorate with calenim carbonate as 
the inhibitor. This combination is the most sensitive and unpredictable of con- 
temporary pyrotechnic mixtures, and its preparation should never be atterapted 


“The Texas City explosion of 1947 was the result of a 1% wax coating on fertilizer grade 
ammonium nitrate im paper bags. The wax acted as a sensitizer, causing progression from 
deflagration to detonation. The combination of ammonium nitrate and paper was shown 
to be self-heating during bagging and shipping, causing spontancous fires in transit. The 
wax coating has since been replaced with diatomaceous earth”. 
+ Caps or toy “torpedoes” should never be stored in the same magazine or shipped in the 
same shipment with other fireworks. Explosion of one is certain to explode others in the 
same package. 
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by amateurs. Similarly, high school chemistry classes should never have access to 
a chlorate and red phosphorus at the same time. 

Noisy reports, for amusement or demonstrations, may be produced from nitro- 
gen triiodide, which is prepared by the addition of ammonia water to iodine 
crystals. When the product is allowed to dry, it becomes so sensitive to initiation 
that it cannot be moved or touched, and it cannot be stored in the dry state. 

In handling fuels, it should be remembered that finely divided material can 
cause dust explosions. The particular hazards inherent in the handling of 
pyrophoric phosphorus, zirconium, and similar materials are examined individu- 
ally in separate chapters. Here it suffices to note that safety instructions on labels 
should be strictly followed. For instance, if shipment is made in metal cans, the 
contents should not be transferred to glass jars. If the shipment is made dry, 
water should not be added except with special precautions (see below). If samples 
are shipped wet, they should be dried under an inert atmosphere. 

Water may be, only with due caution, used to blend mixtures containing zinc, 
aluminum or magnesium (see below); likewise it should not be used with fine 
titanium or ziccomium powders unless in a volume ratio of at least 20 to 1. Wet 
slurries, formed by settled zirconium, are particularly havardous if they are 
removed from the container without excess water. 

Nitrate mixtures tend to be relatively stable, as compared with chlorate mis- 
tures, because of the high heat of dissociation. Ammonium nitrate is sensitized 
by carbonaceous materials and also by metal powders, especially Al-Mg (magnal- 
ium) alloy, Metal powders, in combination with water, may have explosive prop- 
erties when initiated by a detonator. Moisture can cause the corrosion of metal 
powders, and the hydrogen formed by this reaction can reduce nitrates to ammo- 
nium salts. Uhus, moist barium nitrate reacts with magnesium forming magne- 
stum hydroxide and ammonia, resulting in an alkaline environment which slows 
further corrosion of the magnestum. The reaction of water with magnesium is 
accelerated in an acid medium and is inhibited in a basic medium whe the 
behavior of aluminum (which is amphoteric) in practice reacts in the opposite 
way. Consequently, moist sodium nitrate reacts with aluminum to form weakly 
basic sodium aluminate. Therefore, sodium nitrate-aluminum flare compositions 
are unstable on storage unless sealed against moisture. “Uhe less hygroscopic the 
salt, the more stable the composition. All mixtures, except those with alkali metal 
nitrates, are more stable with aluminum than with magnesium. "The addition of 
sulfur to a mixture increases its acidity, so that mixtures containing both sulfur 
and magnesium are less stable than those without sulfur. Likewise, magnestum 
reduces cupric nitrate or lead nitrate to form the respective element and hygro- 
scopic magnesium nitrate. “This reaction is even more dramatic with silver 
nitrate: a mixture of finely ground magnesium with silver nitrate reacts with a 
flash upon the addition of a drop of water. Bartum peroxide, a weak base, is more 
stable with magnesium than with aluminum, explaining the use of bartum perox~ 
ide in ignition compositions. Ammonium salts of strong acids corrode magne- 
sium more than aluminum. Therefore, aluminum is used in propellants contain~ 
ing ammonium perchlorate or ammonium nitrate. 
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Toxicity Hazards 

Some constituents of pyrotechnic compositions are toxic. Curiously, this matter 
has never been treated in a comprehensive manner with respect to pyrotechnics 
and such information as exists is buried in governments reports dealing with 
specific devices" or within references to toxicology’. Certain materials have 
been reported to be carcinogenic, while others cause respiratory problems or 
allergies. Some. toxic agents act in an acute manner, causing lietle lasting harm 
while others are cumulative and can bring about chronic damage. With toxic 
pyrotechnic compositions, rules of good housekeeping 8 far to minimize poten- 
tial health risks. However, the tendency to accumulate | arge quantities of waste 
materials during manufacture and the need to store a large inventory of finished 
devices present disposal problems which have only been addressed in recent years 
to the extent mandated by environmental regulations. This matter is examined in 
more detail in the next chapter. 

‘Toxicology is replete with its own terminology and conventions of which only 
three are defined here: 


TLV- TWA Threshold Limit Value ~ Time Weighted Average 


The time-weighted average concentration for a normal 8-hour work day and a 
40-hour work week to which most workers may be safely exposed day after day 
without adverse effect. 


ULV-STEL Threshold Limit Value ~ Short Term Exposure Limit 


The concentration to which workers can be exposed continuously for a short 
period without suffering irritation, chronic or irreversible tissue damage, or nar- 
cosis of sufficient degree as to increase the likelihood of accidental injury, impair 
self-rescue, or materially reduce work efficiency. STEL exposure should last no 
longer than 15 minutes and should not be repeated more than four times a day. 


TLV-C Threshold Limit Value ~ Ceiling 


The concentration that should not be exceeded even briefly. Concentrations are 
usually expressed as part per million (ppm) for gases, i.¢, volume % times 10%, or 
mass per unit volume, mg/m’, for solids. The last term, together with the bulk 
density and particle size, defines the particle count per unit volume. The data 
listed in Table 2-1 are by no means comprehensive, but deal only with substances 
of obvious interest to pyrotechnists. Many of the derivatives are equally toxic but 
because they may be uncommon in pyrotechnics, have not been included. 


Carcinogens 

Materials identified as carcinogens have either proven carcinogenic in man, or 
have mduced cancer in animals under experimental conditions. For many of the 
organic dyes, no TLVs have been assigned. Cigarette smoking can enhance the 
incidence of respiratory. cancers from these substances. Only those substances 
shown to be carcinogenic at doses below one mg/m have been listed when the 
evidence was derived from respiratory, dermal, or gastrointestinal tests’, Others 


Bie) 


eed 


SAFETY AND HANDLING OF HAZARDOUS MATERIALS 


are listed by Vigus and Deiner™ and by Cichowicz*. More material on colored 
smoke compositions and their toxicology is presented in Chapter 20. The follow- 
ing dyes or derivatives of dyes found in colored smokes are listed as carcinogens: 


2-naphthal (@-naphthol) 

2-naphthylamine 

2-, 4-, 8, 9-dibenzopyrene, an impurity in Indanthrene Golden Yellow GI. 
1-methylaminoanthraquinone (red dye) 

-phenylazo 6-naphthol (Sudan Orange R) 

1-(2 methoxyphenylazo)-2-naphthol 
2-quinolyl-2-indandione-1-, 3 (Rhodamine B) 
1-(4-0-tolylazo-c-tolylazo)-B-naphthol (Sudan Ty) 
1-xylylazo-2-naphthol 

2-, 5-dimethoxyphenylazo-2-naphthol (Citrus Red #2) 
1-, 4-diamino-2-, 3- dihydroanthraquinone 
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Table 2-1. Toxicity Guidelines for Pyrotechnics" 


Substance TWA STEL Concern 


et ee 


. . ppm mg/m’ ppm —s mg/m? 
Antimony and its 


compouncde, as Sb . 0.5 ” - Possible Carcinogen 


Arsenic and its 


compounds, as As - 0.2 - “ Carcinogen 
Arsine 0.5 6.2 ~ 
Barium compounds as Ba - 05 - - 
Biphenyl 
as a constituent in dyes 0.2 15 0.6 4 
when chlorinated - 0.5 ~ 2 
Cadmium, dust or sales as Cd - 0.05 ~ 0.2 
Camphor, synthetic 2 12 3 18 lrritant 
Chromium, metal ~ 05 - ~ 
Cr Gp - 0.05 - - Carcinogen 
Cr (VD ~ 0.05 - ~ Carcinogen 
Decaborane 0.05 0.3 O15 0.9 
Hydroquinone as 
constituent in dye ~ 2 4 
Tron, carbonyl 0.1 0.8 0.2 16 
Lead, fume or dust 
as Pb ~ O15 - 0.45 Neurotoxic 
as chromate - 0.05 ~ - Carcinogen 
Mercury, compounds - 0.1 - - 
Nickel, carbonyl 0.05 0.35 ~ ~ 
Phosphorus, yellow - OL - - Tooth & Bone Damage 
Phosphine 03 0.4 i 1 
Phosphorus oxychloride O14 0.6 O05 3 
Uranium, compounds - 0.2 - 06 
Zine chloride, furne ~ 1 - 2 
Zinc chromate - 0.05 - - Carcinogen 
Zinc oxide, fume - 5 - 10 
1 


Chapter 3 


Disposal of Hazardous Materials 


The quantities of hazardous pyrotechnic materials stored are enormous, in 
some cases on the order of hundreds of tons. The least expensive disposal 
method has been incineration by open burning. In many places, this procedure ts 
no longer permissible. An elaborate technology for incineration in furnaces with 
monitoring of the waste products has been developed.” Incineration is the 
only disposal method available which addresses the diverse problems posed by 
waste. For instance, aromatic hydrocarbons, such as many dyes, explosives and 
binders, are highly stable chemicals which are toxic if allowed to escape from 
underground storage, outdated munitions, drurns, tanks or other containers. 
Horror stories of toxic effects from contaminated drinking water or atmospheres 
in contaminated structures have caused the courts to make careless handling of 
potential toxins a costly experience for both private and government facilities. It 
is for this reason that as part of the release procedure for new munitions, plants 
and facilities for the demilitarization of munitions must be provided. 

Demilitarization must be tailored for each hazardous component. Laboratory 
techniques, such as treatrnent with alcoholic potassium hydroxide, are not effec~ 
tive because they do not address the disposal of the reaction products which may 
contain oxidizers and heavy metals. Currently such problems are turned over to 
disposal companies which tend to put the materials into drums and forget about 
them. Much pyrotechnic waste contains heavy metal compounds (lead, stron 
tium, barium, zinc, mercury, chromium, cadmium, copper, antimony) which can 
be separated and xeduced to ash. The cost of recovery, especially from dilute wash 
and rinse solutions, is high, and the cost of ultimate disposal would be smaller if 
the demilitarization were connected with a larger incineration facility. At present, 
ash is used as landfill where it is subject to leaching. Fusing of the ash after 
admixture with a silicate to stabilize the product has been tested but is not yet 
practiced on a large scale. Because this method is also suitable for the treatment 
of nuclear waste products, it deserves further attention. 

Many components of pyrotechnic mixtures are costly (as well as toxic) and 
these can be recycled. Below are brief descriptions of such practices. 

Demilitarization, the disassembly and disposal of munitions, is itself a costly 
operation. Fach device is cut apart by remotely controlled, specially designed 
equipment. The sectioned components are processed in dedicated facilities. For 
example, a typical photoflash cartridge containing an unconsolidated Goose) 
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mixture of aluminum powder, potassium perchlorate and barium nitrate is cut 
and then the contents are extracted with 55° C water. The black powder 
expelling charge is processed. separately. The suspended aluminum powder is 
removed by filtration. The solution is cooled to 20° ©, causing the salts to pre- 
cipitate, and these are recovered as solids. The saturated liquid is returned to the 
processor for reheating. Both the ahuninum and the salt mixture are dried and 
recycled to the plant as raw material for production of new photoflash 
cartridges.” 


Red phosphorus-containing mixtures ace burned in a closed incinerator. The 
phosphorus pentoxide is scrubbed from the gas stream, and the resulting phos- 
phoric acid is sold as fertilizer. 


Some photoflash mixtures consist of magnesium and sodium nitrate. In such 
cases the nitrate can be leached and sold as dilute fertilizer in areas where suffi- 
cient rainfall assures that the sodium build-up in the soil is minimized. The mag- 
nesium powder is recycled.” 


Plastic~bonded explosives and propellants have been demilitarized by cutting 
the propellant grain with high-pressure water jets and extracting the oxidizer for 
recycling. Vor instance, RDX and HMX have been so recovered, using alcohol. 


Colored smoke mixtures are burned in two: -stage, closed incinerators, the sec- 
ond stage being performed in an afterburner at temperatures above 800° C in 
order to remove aromatic components frorn the effluent.* 


Incineration is the only method of disposal available for the destruction of very 
stable molecules. Much effort has been devoted to the disposal of polychlorinat- 
ed biphenyls (PCBs), which share with some organic dyes, explosives, and pesti- 
cides the potential for great environmental harm. Environmentally acceptable 
disposal of aromatic hydrocarbons by combustion requires the consideration of 
several factors not usually encountered in chemical waste incineration. Flighly 
stable molecules require high combustion temperatures and relatively long “resi~ 
dence times.” Excess air or additional fuel may be required. 


The combustion criteria stated are based on the particularly stringent regula- 
tions’ for the disposal of PCBs. The regulations specify three different types of 
combustion efficiency, which together define the performance required. First, a 
combustion efficiency of 99.9%, based on the complete conversion of carbon to 
carbon dioxide, must be attained. This means that for a CO, level of 10% or 
greater, the CO level must be below 100 ppm. Second, the combustion efficiency 
should be 99.99% based on a comparison of the chlorinated hydrocarbon emis- 
sion with the feed of aromatic hydrocarbons in the pyrotechnic mixture, and last- 
ly, the air emission of aromatic hydrocarbons must be less than 0.0001 mg/kg of 
feed. This is equivalent to a 99.9999% destruction of volatile hydrocarbons. 


The aromatic content in the residue is not directly specified, but it is desirable 
that it be reduced to 50 ppm. 
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The following data are known for PCBs: 


99.995%% destruction at 10008 C and 1 second residence time. 

99.999994% destruction at 2.0 - 2.9 seconds residence time, 10-70% excess 
oxygen residue 

99,999% destruction at 1230° C, 2.3 seconds in afterburner, 80% excess air, 


‘Thermal degradation of volatile toxins has been investigated in cement kilns, 
utility boilers, and sludge incinerators. EPA regulations specify temperature and 
residence time requirements much greater than those commonly encountered in 
most routine combustion operations. The incineration of aromatic hydrocarbons 
in an environmentally acceptable manner has been demonstrated in several of 
these devices and has been performed routinely at a number of commercial facdli~ 
ties. “Che present difficulties lie not in technical performance areas, but in the 
political aspects of facility siting, testing, and approval.” 

Incineration requires that effluents be monitored to assure destruction of the 
volatile toxins. Molecular Quorescence has been developed for this purpose” and 
the polynuclear aromatic hydrocarbons found are shown in Table 3.1. The tech- 
nique permits real-time measurements for the detection of aromatic hydrocar- 
bons in the 1 ppm range. Because the detection point is downstream of the ven 
turi scrubber, the gas stream will be cold, and owing to the low vapor pressure of 
the polynuclear hydrocarbons, the reading of the volatiles level will be close to 
zet0, 
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‘Table 3-1. Polynuclear Aromatic Hydrocarbons Found in the 
Combustion Product of Navy Colored Smoke Compositions.” 


Compound Formula Structure 


Phenanthrene CUA 
Anthracene CLA 
Benzo(a)pyrene Cys 
Benzo(e)pyrene CoH 
Perylene C,H, 
Chrysene Cy 
‘Teiphenylene Cu, 
Fluoranthrene C.F, 
Pyrene Cuddy 
Naphthalene C,H, 
1-Methylnaphthalene Cy Ay, 


Chapter 4 
Statistical Test and Analysis Methods 


Introduction 


Even by following rigorous manufacturing procedures, it is impossible to make 
a group of identical pyrotechnic devices. Each one will have slightly different 
characteristics. There will be variations in the pyrotechnic powder the density at 
which the powder is loaded, the geornetry of the device, the coupling of the pow- 
der to the initiating mechanism, as well as variations in the initiating mechanism 
itself. There are also variations in the environments in which the device has been 
stored since the time the device was manufactured. Many of these variations will 
affect the performance of the device. A pyrotechnic device builr to a good design 
will have minimal performance variation; however, some is inevitable, 

Variation in device performance can be characterized as either initiation varia- 
tion or output variation, Some examples of output variation are the function 
time, the pressure, the luminosity, etc. It is generally a simple matter to measure 
these variations. By measuring the various output characteristics of a sample of 
devices, one can estimate the output characteristics of the population as a whole 
by using standard statistical techniques. For example, the mean function time can 
be estimated by measuring the function time of a sample of devices and comput- 
ing the arithmetic mean. Similarly, the variation of the population can be esti- 
mated by computing the standard deviation of the sample. Because measurement 
of a large number of devices is required to establish the probability distribution, 
the actual distribution is usually unknown and a sormal distribution is assumed. 
Using standard statistical techniques it is straightforward to estimate the 
parameters of the populations as well as various confidence intervals for these 
estimates. 

It is usually more difficult to characterize initiation variation. For most 
pyrotechnic devices, it is assumed that there is a critical stress level that is just 
sufficient to cause initiation. Any stress level below the critical value will not 
cause initiation, while any stress level above the critical stress will cause imitia~ 
tion. The form of the critical stress depends on the device. Examples inchide 


*'This chapter has been written by Barry T. Neyer, Ph.D. Thanks are extended to 
John P. and Mary Jo Neyer, Cincinnati, and Johan ©, Bennett, NSWC-Crane, for their 
suggestions and comments, 
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current in a bridgewire device, height from which a mass is dropped on the pow- 
der, or the gap which an initiating charge must overcome to imitiate the donor 
charge. 

There are some techniques such as Electro Thermal Response” (ETR) and 
bridgewire resistance measurement that are often used to measure the “health” of 
the device Gwhether it will work). Some claim’? that these techniques can be 
used to determine the critical stress of bridgewire devices, but this view is not 
commonly accepted. Unfortunately, there is generally no way to measure the crit- 
ical stress of a device. The only measurement that can be performed is to monitor 
the response of a device to a given stress level. Moreover, it is also not generally 
possible to “home in” or “sneak up” on the critical stress level. If the critical stress 
is exceeded, the device will initiate, preventing any further testing. [f the device 
does not initiate, it is usually modified by the stress. Thus, it is only possible to 
test any given device one time. 

‘The only way that the initiation characteristics of a population of devices can 
be established is to select a sample of the devices, test each device at a given test 
level, and record the response (initiation) or lack of response. Unlike the case of 
output characteristics that can be measured, computation of the mean initiation 
stress is more dificult. One cannot cormpute the average of the individual devices 
because there is no way to determine the individual’s critical stress. Nevertheless, 
using the more sophisticated techniques discussed in this chapter, it is possible to 
compute estimates of the population mean, standard deviation or other popula- 
tion statistics. 

Obviously, if the test levels are chosen such that they are all far higher than the 
average critical stress levels of the population, not much is learned from the test. 
A similar result occurs for levels chosen far below the mean. Thus, unlike the 
measurement of output characteristics, great care must be utilized in the test 
design to select the test levels such that maximum information is obtained. Vari- 
ous test methods have heen developed over the years that select the test levels in 
a manner that provides efficient estimation of the parameters of the population. 
These techniques are detailed Jater in this chapter. 

The statistical test and analysis techniques discussed in this chapter are not 
limited to the field of pyrotechnics or energetic devices. Similar statistical tech- 
niques are also used to study the toxicology of various compounds, the ability of 
helmets to protect the head from injury, or the length of time that the brain can 
be without oxygen. The general name for this type of statistical test and analysis 
is sensitivity testing and analysis. The discussion in the following sections applies 
equally to these fields as well. 


Estimates of j. and 

‘The purpose of performing a sensitivity test is to estimate the parameters of 
the distribution. These estimates may be of the location and scale parameters, the 
mean p. and the standard deviation o, or of various probability levels such as the 
stress that is sufficient to cause 99.9% of the items to respond. For most distribu- 
tions, knowledge of the mean and standard deviation is sufficient to compute any 
required probability level. 


18 


STATISTICAL TEst AND ANALYSIS METHODS 


f= CIF 
seses PDE 


Probab 


Deviation form Mean 


Figure 4-1. Normal probability functions. 


‘The xest of this chapter assumes that the probability response function takes 
the form: 


p= Pi ~ piel, [4-1] 


where p is the probability of response, P is the probability function, x is the 
(transformed) stimulus level, and p, and o are the location and scale parameters. 
The examples assume that P is a normal cumulative distribution function 
(CDB, such is shown in Fig. 4-1. The CDE, zero at srnall values and one at 
large values, gives the probability that an item chosen at random from a sarnple 
has a characteristic less than or equal to a given value. The probability density 
fanction (PDP) is also shown in Fig. 4-1. The integral of the PDF over an inter- 
val gives the probability that the characteristic is within the interval. The CDF is 
the integral of the PDF. If the probability function is not normal, then often a 
suitable transformation of the stress levels will make the distribution normal. 
(For many fields « is the log of the applied stress.) The exact form of the diserib- 
uation curve will be stated where it makes a difference to the discussion. 

The purpose of statistical analysis is to compute the parameters of the popula- 
tion that are accurate and precise. Accurate means that the parameters give the 
true value on the average, that is, there is no bias. Precise means that the varia~ 
tion in the estimates of the parameters is as small as possible. There is always 
some statistical variation in any estimate of the parameters. The minimum varia- 
tion for the case of sensitivity tests in each of the parameters is given by: 
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where the £, is the information matrix’, / is the estimate of the mean, and S is 
the estimate of the standard deviation. The information matrix is the sur of the 
information for each test point. The contribution of each test item to the infor- 
mation matcix is shown in Fig. 4-2. The Jy, term is computed from the curve 
labeled Mu, the &, term is computed from the curve labeled Sigma and the fy 
term is computed from the curve labeled Co-Var. In most test designs the test 
points are chosen approximately symmetrically about the mean and the covari- 
ance part of the information matrix is close to zero. If the covariance is zero, then 
the variance of the estimate of the mean will be minimized by testing at the 
mean, and the variance of the estimate of the standard deviation will be mini- 
mized by testing at points + 1.6 standard deviations from the mean. Thus, it is 
impossible to maximize information (minimize variation) abour the mean and 
standard deviation simultaneously. (For output characteristics that can be mea 
sured exactly, the corresponding information contributions are exactly one for 
each test item. The information functions show how much less information is 
available for sensitivity types of tests.) 


‘Test Methods 

Over the yeats many different test methods have been developed to determine 
the initiation characteristics of a population of pyrotechnic devices as efficiently 
as possible. The guiding principle behind the design of these test methods has 
changed over the years, as our computational ability has improved. 
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Although test and analysis are independent functions, cach discrete test 
method is historically associated with its own analysis technique. In most cases, 
any analysis technique can be used to analyze the results of a test conducted with 
any test method. There are some exceptions, such as the Bruceton analysis 
method, which is capable only of analysis of data taken using the Bruceton test 
method. The following sections will discuss the various test methods that have 
been developed. The later sections will discuss the analysis methods. 

All of the tests, with the exception of the Probit test, make the assumption that 
the underlying distribution is known, It is usually assumed that the distribution 
of critical initiation stimuli follows a normal (Gaussian) diserioution- Tr some 
cases, it is the logarithms of the stimuli that follow the normal distribution. The 
various test methods are described in the following sections. The test methods 
are described in the order that they were historically developed. This order is also 
the order of increasing efficiency. 


Probit Test 

The Probit” test was first described in 1935. The user tests a number of items 
at several fixed levels. Usually these levels are evenly spaced, but that is not a 
requirement. Six is a typical number of test levels, but any reasonable mumber can 
be used. Ten or more items are tested at cach stress level. Unlike all of the other 
tests discussed here, this test is not sequential; all of the units can be tested 
simultancously. 

Because a large number of items are tested at each stress level, it is possible to 
convert the test results into a set of probabilities of initiation for each level. These 
probabilities are chen converted to Probits. (A Probit is five added to the inverse 
of the cumulative normal function. Because the Probit method was developed 
long before electronic computers, the Probits were calculated with the help of a 
table.) The Probits are plotted versus the stress levels. Alternatively, the probabil- 
ities could be plotted on probability paper versus the stress levels. If the points le 
along a straight line, then the assumption of normality is validated in the region 
of the test. The median (50% point) or any other probability level can be read! 
directly from the line. The slope can be converted into an estimate of the stan- 
dard deviation. If the points do not lie on a straight line, then there is often some 
sumple transformation (such as the log of the stress) that will make the data 

appear linear. 

“The Probit method has the advantage of verifying the form of the distribution, 
at least in the center of the distribution. The Probit test also had the advantage 
that the analysis could be performed without difficult calculations. 

The big disadvantage of the Probit test is thar the test levels have to be chosen 
properly. The test levels should be chosen so that they span the 10% to 90% 
response region. Levels where 0% or 100% of the specimen respond cannot be 
used since those levels have a Probit value of minus or plus infinity. Because the 
purpose of the test itself is to estimate these levels, limited knowledge of the 
population will often lead to inappropriate choice of the test levels. The Probit 
test always requires a large sample size to achieve reasonable results. 
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Bruceton Test 

The Bruceton test was developed in the 1940s to overcome some of the 
difficulties of the Probit test. Like all sequential tests, the test level for item » 
depends on the results of (some of) the previous iterns tested. The first sample is 
tested at a specified stress. If that sample responds (the pyrotechnic device fires) 
the next test sample is tested at a stimulus level that is reduced by a defined 
increment, or step, lower than the first. If the first sample had not responded, the 
next sample would have been tested with a stimulus increased by the same 
defined increment. The test continues in this process until at least forty items are 
tested. 

The Bruceton test has the advantage that the tests are concentrated in the 
region of mixed response, i.c. in the 10% to 90% response region. Because the 
test levels are concentrated in this region, the Bruceton test is able to yield more 
statistical information than the Probit test from the same sample size. 

The Bruceton test has an additional benefit in that it is simple to perform the 
analysis using pencil and paper. This test was also developed before the invention 
of electronic computers; the analysis had to be performed by hand. The mean 
and standard deviation, as well as their confidence levels, can be estimated by 
computing sums of squares. The efficiency of calcadation was a major advantage 
of the Bruceton test, and the principal reason that it was quickly adopted. The 
specialized Bruceton analysis method is discussed in the analysis section. 

The main disadvantage of the Bruceton test is that the efficiency of the test 
depends critically on a proper estimate of the step size. For maximum efficiency, 
the step size should be equal to the standard deviation of the population. If the 
step size is too small or too large by a factor of two, the efficiency drops off expo- 
nentially. Because the standard deviation of the population is typically unknown 
in advance of the test, the experimenter must guess at a proper step size. It is 
possible to perform a preliminary set of tests first to estimate the standard devia- 
tion to arrive at a suitable step size. However, as the analysis section shows, a very 
large sample size is required to arrive at a good estimate of the standard devia- 
tion. The Bruceton test concentrates the test points near the mean. This concen- 
tration provides a good estimate of the mean or 50% point, but is not efficient for 
estimating the standard deviation or the tails of the distribution that are typically 
required. 


Robbins-Monro Test 

The Robbins-Monro'*" test was developed in the 1950s. It is similar to the 
Bruceton test in that it requires a starting guess and a step size. The difference is 
that the step size decreases as 1/N where N is the sample currently tested, This 
test method concentrates the test points at the mean, Thus, it is an efficient 
rethod of determining the mean level of the population, but it is very inefficient 
for determining the standard deviation and the tails of the distribution. The test 
can also be modified to converge on any desired probability level. 

The Robbins-Monzo test also has several advantages in terms of analysis. At 
cach step, the next stimulus value is the estimate of the desired probability level. 
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‘The test is also distribution independent, at least in principle. However, since all 
of the test points are concentrated at one point, it is very inefficient for deterrmin~ 
ing any population parameter except for the desired probability. Moreover, the 
ability to estimate reasonable confidence intervals for these parameters is severely 
limited. 


Langlie Test 

The Langlie™’ test method was developed in the 1960s to overcome the 
dependence of the Bruceton test on the choice of the step size. When the Lan- 
gle test was developed, computers were available to aid in the analysis of the test 
results, eliminating the restriction of pencil and paper analysis that guided the 
development of the previous tests. Instead, a test could be designed to use the 
specimens efficiently to arrive at the sample population parameters. However, the 
test algorithm still had to be easy to perform by hand because computers were not 
available in the laboratory. 

To perform a Langlie test, the experimenter must specify lower and upper 
stress limits. The first test is conducted at a level midway between these limits. 
‘The following description of computing the next test is taken from the original 
paper by Langlie. “The general rule for obtaining the (#+1)* stress level, having 
completed 7 trials, is to work backward in the test sequence, starting at the 7° 
trial, until a previous trial (call it the p” trial) is found such that there are as many 
successes as failures in the p* through x trials. The (w+ 1)* stress level is then 
obtained by averaging the 1 stress level with the p* stress level. If there cxists no 
previous stress level satisfying the requirement stated above, then the (m+1)* 
stress level is obtained by averaging the 7 stress level with the lower or upper 
stress limits of the test interval according to whether the 2” result was a failure or 
a success.” 

The Langlie test is less susceptible to variations in efficiency caused by inaccu- 
rate test design. However, the efficiency of the test is somewhat dependent on 
the choice of lower and upper stress limits. Typically, extremely wide limits are 
specified to avoid situations where they do not contain the region of interest. The 
method is most efficient if the upper and lower limits are & 4 standard devia- 
tions from the mean. 

"Phe original Langlie method is a very inefficient if there js a grossly improper 
choice of lower and upper limits. To overcome this deficiency, Langlie later pro- 
posed an adaptive test. The Adaptive Langlie test shifts the test limuts up or 
down by one third of the range whenever the test levels converge on the upper or 
lower test limit. The Adaptive Langlie test is better able to overcome improper 
choice of test levels, but too small or too large a test range results in inefficient 
test level choice. 

Both the Langlie and Adaptive Langlie tests concentrate the test levels very 
close to the mean. While this approach provides a reasonably efficient method of 
determining the mean level, it provides little knowledge of the standard deviation 
and the tails of the distribution. It also contributes to rather large confidence 
limits. 
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Neyer D-Optimal Test 

The Neyer D-Optimal’® test was developed in the late 1980s. It was 
designed to extract the maximum amount of statistical information from the test 
sample. Unlike the other test methods, this method requires detailed computer 
calculations to determine the test levels. Thus, this method was not practical 
before computers became widely available in the laboratory. The Neyer D-Opti- 
mal test uses the results of all the previous tests to compute the next test level, 
The next test level is that level which maximizes the determinant of the informa- 
ton. matrix. The test is designed to provide a complete characterization of the 
population. 

There are three parts to this rest. The first part is designed to “close in” on the 
region of interest, to within a few standard deviations of the meari, as quickly as 
possible. The second part of the test is designed to determine unique estimates of 
the parameters efficiently. The parameter estimates are unique once the responses 
and failures overlap. The third part continuously refines the estimates once 
unique estimates have been established. 

This test requires the user to specify three parameters, i.c., lower and upper 
lumits for the mean, and an estimate of the standard deviation. The frst two 
parameters are used only for the first few tests (usually two tests) to obtain at 
least one response and one failure to respond. The estirnate of the standard devi- 
ation is used only until overlap of the data occurs. Even if the guesses for the 
parameters are wrong, the algorithm will find good estimates of the parameters, 
‘The only penalty is that the first few items tested will be wasted as the algorithm 
finds the proper test space. Thus, the efficiency of the test is essentially indepen- 
dent of the parameters used in the test design. 

Comparison of Test Methods 

There is no unambiguous method of ranking the test methods. A good test 
method should yield estimates of the parameters of the population that are accu- 
rate and precise. All of the test methods yield accurate estimates of the mean, 
though the estimates of the standard deviation are biased low. Thus, the best way 
to rank the tests is by their precision. The purpose of most sensitivity tests is to 
determine an all-fire or a no~-fire level. These levels are usually defined as that 
level at which at least 0.999 of the devices respond or fire (all-fire) or at which at 
least 0.999 of the devices fail to fire (no-fire), With the assumption of normality, 
the all-fire and no-fire levels can be converted into a simple function of the 
mean, », and the standard deviation, o, of the population. The 0.999 all-fire level 
is 2 +3.09e, and the 0.001 no-fire level is p--3.090. Thus, precise determination 
of the all-fire or no-fire level requires precise determination of the mean, and 
more importantly the standard deviation. 

There are several ways to compare the ability of the various test methods to 
determine, with precision, estimates of the standard deviation. One method 
would be to determine the variation of the estimates of the standard deviation as 
a function of sample size and test method. This variation depends not only on 
the test method, but also on the selection of the parameters of the population 
before beginning the test. 
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Figure 4-3. Comparison of the variation in 
estimates of the standard deviation. 


The Probit method depends completely on how the test levels are chosen. The 
Robbins-Monro method is not used much in the field of pyrotechnics and will 
not be discussed further. The efficiency of the Bruceton test is strongly depen 
dent on the choice of step size. The efficiency of the Langlie test is somewhat 
dependent on the spacing between the upper and lower test levels. The Neyer D- 
Optimal test is essentially independent of the choice of parameters. 

Figure 4-3 shows the variation of the estimates of the standard deviation as a 
function of the sample size for the Bruceton, Langlie and Neyer D-Optimal test 
methods under the assumption that the standard deviation is well known before 
start of testing, Lf the items are well characterized from previous tests, the stan- 
dard deviation may be known to within a factor of two. The figure assumes that 
the parameters of the test were optimized for the population. 

Tt shows that variation of the estimate of the standard deviation has a strong 
dependence on the test method chosen. For example, a 20-shot Bruceton test 
yields a relative variance of 66%, while the Langlic test yields a variance of 28% 
and the Neyer D-Optimal yields a variance of 20%. The literature cited in this 
chapter provides more in-depth details of the analysis used to produce this 
graph. This graph is valid only when the correct test parameters are known. Tn 
particulay, the variation could be much larger when using the Bruceton method. 
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Figure 4-4. 5% and 95% estimates of the relative standard deviation. 


In this case, it could be wrong by a factor of two if the estimate of the step size is 
wrong. 

Another method of ranking the various test methods is to determine the 
extreme values of the estimates of a parameter. The greatest concern in conduct- 
ing and analyzing sensitivity tests is the tendency of the method to produce esti- 
mates of the parameters that are far removed from the true parameters. 

Fig. 4-4 shows 59% and 95% ratios of the estirnate of the standard deviation 
divided by the true value as a function of the sarnple size for the three test meth- 
ods, Also shown in the figure are the corresponding curves for the F Test, the 
significance of which is described in the text below. 

The figure illustrates several important points. First, it is extremely difficult to 
establish the value of the standard deviation to the degree of precision desired 
with a limited sample size. For example, in a Neyer D-Optimal test with a sam- 
ple size of 150, 5% of the estimates of the standard deviation will be more than 
20% lower than the true valuc, and another 5% will be more than 20% higher 
than the true value. With the same sample size in the Langhie test, 5% would be 
50% lower, and 5% would be 45% higher. For the Bruceton test the correspond- 
ing results are 100% lower, and 30% higher. 

Por the typical sample size used in threshold tests, e.g, 20 - 50, it is impossible 
to estimate the standard deviation, and thus the all-fire and no-fire levels, with 
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great certainty. Thus, in addition to estimating the parameters of the population, 
it is also imperative that the appropriate analysis be performed to estimate the 
confidence level of the estimate of the parameters. Confidence estimation is dis- 
cussed in the next section. 

The F Test curves shown in Fig. 4-4 indicate how much less information is 
available for sensitivity tests compared to standard statistical tests. The F Test is 
used in standard statistical testing to calculate the fraction of estimates of the 
standard deviation that are higher or lower than a given value. If it were possible 
to measure the exact threshold of individual items, then the estimates of the 
standard deviation would be governed by the I Test. Inspection of the curves 
shows that a sensitivity test requires a sample size many times greater than the 
sample size of a classical statistical test to achieve the same range of values for 
the standard deviation. 

Finally, the figures illustrate that the ability to determine reasonable estimates 
of the parameters is extremely dependent on the test method chosen to conduct 
the test. Both Fig. 4-3 and Fig. 4-4 illustrate the importance of choosing an 
efficient test method when conducting sensitivity tests. 

‘The most efficient test method should ALWays be chosen. Using any other test 
method will require a larger sample size to achieve the sare precision as the 
most efficient test. Thus, of the methods listed, only the Neyer D-Optimal 
method should be used to conduct sensitivity tests. 


Analysis Methods 

More methods of analyzing the results of sensitivity tests have been proposed 
than have test methods. The method chosen to analyze the data of the test is at 
least as important as the test method. While many analysis methods can be used 
to analyze the results of any test method, other analysis methods are designed to 
analyze only one test design. All of the analysis methods provide relatively unbi- 
ased estimates of the mean, 14 the estimate of the standard deviation, §, is gen- 
erally biased too low. However, the abilicy of the various methods to compute 
reliable confidence levels varies greatly. 

Simulation discussed in some of the referenced papers shows that the variance 
of both Mf and § scales approximately with o°. Because 07 is not independently 
known, all of the analysis techniques (except the Likelihood Ratio test) base their 
estimates on the maximum likelihood estimate of o. If the successes and failures 
do not overlap, § = 0 and these methods fail to produce estimates for confidence 
regions for either MM or S. 


Variation Function Analysis 

The variance function method assumes that the variances of Mf and 5 can be 
estimated by simple functions of the sample size and the standard deviation. 
‘These functions are generally dependent on the initial conditions, sample size, 
and the test design, i.c., Bruceton, Langlie, or Neyer D-Optimal. Some experi- 
menters use the students-t distribution test method to compute confidence inter- 
vals for the mean, and Chi Squared or F tests to compute confidence intervals for 
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the standard deviation. However, these generalized statistical methods should 
not be used to estimate the reliability of the sens 'y test used. That is, the 
assumptions that are used to construct general statistical tests are violated in the 
case of sensitivity tests. Fig. 4-4 shows the curves for the F test as well as curves 
for the various sensitivity tests. The figure clearly shows that the F test cannot be 
used to analyze sensitivity tests. Because there is no generally accepted formula 
that works for all cases, this method is not in widespread use. 


Simulation Analysis 

‘The simulation method uses the estimated parameters from test results to per- 
form a number of simulation runs. These runs determine the variance of the 
parameters giver parameters similar to those estimated from the experimental 
data. This method can provide reliable estimates of the variances as long as the 
simulation is carried out with parameterization relevant to the population, If 
simulation is used to estimate the variation of the parameters, the parameters for 
the simulation must span a wide area around the estimates of the test data. The 
number of simulation runs must be sufficient (well over 1000) to ensure that the 
results are statistically valid. Because of the difficulty of performing such sirmula- 
tions, this method is not in general use. 


Broceton Analysis 

The Bruceton Analysis method was co-developed with the Bruceton test. Tt 
was designed so that simple paper and pencil calculations could be used to deter- 
mune the mean and the standard deviation, as well as estimates of their variance. 
Ir uses the same approach as the asymptotic method of the next section, but with 
some simplifications that are possible for the highly structured Bruceton test. 
The Bruceton analysis method can only be used to analyze the results of tests 
conducted strictly according to the Bruceton test method. 

Today, more advanced analysis methods are available to analyze this data. The 
traditional Bruceton analysis method can still be used, but only when the number 
of test levels is between 4 and 6, and the sample size is large. In all cases it is 
preferable to use more advanced analysis methods, such as the ones described in 
following sections, When the Bruceton analysis is valid, it gives essentially the 
same results as the asymptotic method. 


Asymptotic Analysis 

Asymptotic Analysis is the method used in many computer programs known 
as ASENT™. This software is in use at many test facilities. Similar software with 
different names has also been developed in other laboratories. Although this 
analysis method is often associated with the Langlic test method, it can. analyze 
the results of tests conducted according to any test method. The analysis method 
computes the maximum likelihood estimates of the parameters. It computes esti- 
mates of the variance of the parameters by computing the curvature of the likeli- 
hood function. This analysis method gives the correct results asymptotically. Tt 
will not analyze the results of a test where the successes and failures do not over- 
lap. It gives reliable results if the sample size is greater than 200. 
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Figure 4-5. Comparison of confidence Likelihood ratio versus asymptotic analysis. 


Likelihood Ratio 

The Likelihood Ratio test’” is m use at many laboratories around the world. 
Because it was developed at the same time as the Neyer D-Optimal method, it is 
often associated with that test. However, it is a general analysis method and can 
analyze the results of tests conducted using any test method. The technique com 
putes the maximum likelihood estimates of the parameters the same way as the 
Asymptotic Analysis method. It computes estimates of the variance of the para- 
meters by using the Likelihood Ratio test. This analysis method gives the correct 
results asymptotically, Because it does not rely on an estimate for the standard 
deviation, it will analyze the results of any test, even if the successes and failures 
do not overlap. It gives reliable results if the sample size is greater than 20. 


Comparison of Analysis Methods 

The two most widely used general analysis methods can be compared in a 
number of ways. (The Bruceton analysis results, when valid, are essentially iden- 
tical to the asymptotic results and are not given separately.) The most meaningfal 
way to compare the methods is to determine what fraction of the time the true 
parameters are outside of the specified confidence region. A properly computed 
95% confidence region, for example, should contain the true parameters approxi- 
mately 95% of the time. 

Fig. 4-5 shows the fraction of parameters outside a given confidence region for 
both the Asymptotic Analysis used by ASENT and the Likelihood Ratio Analy- 
sis. This figure was generated for a sample size of 30 for the Bruceton, Langti 
and Neyer ()-Optimal tests. ‘The solid line in the figure is what a perfect ana’ 
method would produce. For each analysis method the upper line is the Langlie 
method, the next lower is the Neyer D-Optimal method and the next is the 
Bruceton. 
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In Fig. 4-5, all curves are above the solid line, indicating that both of the 
analysis methods produce false confidence. For example, for a nominal 95% 
confidence region, the Likelihood Ratio test has the parameters outside of the 
confidence region approximately 8% of the time. While this is more than the 5% 
expected for a true 95% confidence region it is close to the requested confidence. 
Note that it would be prudent for the user of this information to specify a slight- 
ly more restrictive confidence (such as 97%) to achieve the requi 95% con- 
fidence region. Fig. 4-5 is valid for sample sizes of 30 only. A different sample 
size would produce a different graph, but with similar trends. 

The asymptotic 95% confidence region however, has the parameters outside of 
the confidence region approximately 20% of the time, with the percentage a 
strong function of the test method. To achieve a true 95% confidence region 
using this analysis method would require the computation of a confidence region 
much greater than 99%. 

Pyrotechnic devices that are considered reliable or safe when analyzed accord- 
ing to one analysis method might be considered unreliable or unsafe when ana- 
lyzed according to a more exact analysis method such as the Likelihood Ratio 
test. Thus, it is crucial when reporting analysis to specify the analysis method. 

The most realistic analysis method should always be used to analyze the results 
of sensitivity tests. Fig. 4-5 shows that the Likelihood Ratio method is capable of 
constructing reasonable confidence intervals, while the Asymptotic Analysis 
method produces false confidence. Thus, the Likelihood Ratio Analysis method 
should always be used instead of the Asymptotic Analysis method. 
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Mechanisms and Rates of Pyrotechnic Reactions 


An inquiry into the mechanisms of pyrotechnic reactions involves asking how 
they proceed. This is by no means a trivial question, because @with few excep- 
tions) the starting materials are solid, and most are, by themselves, stable. Yet, the 
reactions are rapid and highly energetic. Over the years, many attempts at pro- 
viding a general theoretical foundation have been made. These have been gener- 
ally unsatisfactory in predicting the performance and functioning of pyrotechnic 
devices. Curiously, some of the most useful work was not done by pyrochemists, 
but by metallurgists and ceramicists, on related solid-state reactions with low (or 
even negative) energy output which are slow and amenable to study.” Many 
reactions that have been studied have in common the fact that they can be 
stopped by cooling and the mechanism can be studied by examination of the 
phase distribution in the product. Pyrotechnic reactions have been neglected 
because they lack reversibility and the reaction products are generally a matter of 
no interest. Pyrotechnic reactions must be studied in short time frames, relying 
on the rates of energy release, temperatures, and spectral data. 

Pyrotechnic reactions rarely proceed to completion as solid-solid reactions, 
although some instances are known. However, in many cases, the “pre-ignition 
step” is a solid-solid reaction. In most of the latter reactions, the heat produced 
will be sufficient to melt one or more of the components locally, with a resultant 
acceleration of the rate. These solid-liquid reactions will be examined later in 
farther detail. The reaction may cause decornposition of a reactant with the for- 
mation of a gas, or the reaction may take place in the gaseous phase. These reac 
tions are hamessed in propellants, but are also found in flares, photoflashes, and 
tracers. 


Solid-Solid [gnitions 
Pre-ignition Step 


Differential thermal analysis for most pyrotechnic mixtures shows a slow and 
gradual exotherm, sometimes commencing at temperatures hundreds of degrees 
below the exotherm commonly associated with the ignition temperature. ‘This 
energy output is observed to be independent of pressure, showing that it is 
not brought about by reaction with atmospheric gases, and is not associated 
with a reversible chemical reaction. This exotherm is not observed when the 
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components are heated separately, and is generally not therefore considered 
dependent on the surface conditions or methods of preparation of the materials. 
This phenomenon is especially interesting in metal/metal oxide systems such as 
therrnites, and may be caused by contamination with oxides or other trace impu 
tities which act to increase the mobility of the reactive species, even at low tem- 
peratures. For instance, the pre-ignition step of a Ti/CuO mixture commences at 
about 500° C, about 250° C below the ignition temperature. Even ar 750° C, the 
temperature is too low to account for the presence of molten titanium or copper 
to act as solvent (see below), although once the reaction commences even on a 
microscopic scale, the vapor pressure of copper is sufficient to cause molten or 
vaporized copper to act as flame carrier. The pre-ignition phenomenon. provides 
an insight into the mechanism which makes possible the chemical reaction of 
solids when classic rate studies (as by the Arthenius model) would predict negli- 
gible reaction. This writer has found that boron and silicon” are particularly 
eflective in lowering the initiation temperature of mixtures with metallic cle- 
ments, probably because of the high concentration of serendipitous impurities. 
Ultra-pure boron and silicon are not as reactive as are the commercial pyrotech- 
nics graces. 

‘The reasons this observation might be examined by looking at lartice 
defects which exist when cither vacancies or interstitial ions are present in the 
crystalline structure. Tt is not really necessary that the concentration of defects be 
high, because a distorted lattice may act as uf the crystal had non-stoichiometric 
properties. In boron and silicon, the likelihood of such defects is high because 
the methed of preparation by oxide reduction or vapor phase deposition gener- 
ates many defects which cannot be removed except by special techniques of 
refinement. 

Another fuel the reactivity of which is dependent upon physical structure is 
amorphous carbon ~ charcoal, lampblack, or one of the gas or vegetable blacks. A 
common technique in civilian fireworks is te add a small percentage of one of 
these ingredients to enhance ignitability and burning speed. Five per cent or less 
is typically efficacious in potassium perchlorate/resin fuel color stars; the upper 
limit is established by the onset of deterioration in the purity of the color, 

Defect structures can be induced during the preparation of oxides. For 
instance, the reactivity of iron oxide is higher when it is made by pyrolysis of fer- 
ric sulfate than when it is made by pyrolysis of ferric oxalate.'” Still more reactive 
is magnetic iron oxide, which when ball milled with aluminum in a planetary 
mill can be made to ignite dry, a phenomenon to which the writer can attest 
from personal experience. A method of increasing the reactivity of some specific 
mixtures is by co-precipitation™, as further discussed in Chapter 18. 


Exampées of Solid-Salid Reactions 


The study of pyrotechnic reactions is closely related to the study of ignition 
(see Chapter 9). Ignition occurs when the local rate of an exothermic reaction 
produces heat faster than it can be lost to the immediate environment. Self-sus 
taining solid-solid reactions, such as the formation of tantalum carbide or 
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tantalum boride from the elements, are only possible if the particles are very fine 
(<5 pam), because the rate of these reactions is diffusion-limited, Larger particles 
cause these reactions to be incomplete” because as the initial temperature spike 
from the ignition dissipates, the reaction quenches. If both reactants and prod- 
ucts are solid at the reaction temperature, the mechanism resernbles sintering. 

Diffusion coefficients for sintering range from 10° to 10°" em’/s,’" Soh solid 
reactions are often “solid” in name only. Oxide contaminants provide a liquid or 
gaseous interface. With boron, the oxide is liquid at comparatively low tempera- 
tures (450° C), as are silicates (for lead silicate, mp. = 766° C). ‘True solid-solid 
reactions are rarely suitable for pyrotechnics because they are neither energetic 
nor sufficiently rapid. 


Solid-Liquid Reactions 

Many pyrotechnic reactions take place upon the melting of a reactant or prod- 
uct at the ignition temperature. Diffusion coefficients for a Hawi are typreally 
five orders of magnitude higher than for a solid (ae, 10% - 10° em’/s). Also, 
reactants are much more soluble in the liquid than in the solid so that reactions, 
if energetic, ate rapid and self-propagating. Such reactions may be intermetal- 
lic’, on, as described above, thermite reactions. It is characteristic that the rates 
of solid-liquid reactions are not affected by pressure. Note that it makes no diff 
erence to the reaction whether products are solid at room temperature or not, but 
only what the state is at the reaction temperature. For instance, when the 
boron/barium chromate and tungsten delay mixtures are compared (see Chapter 
18), tungsten delays are seen to have a significant concentration of volatile 
tungstic oxide and of volatile tungsten and chromium oxychlorides in the flame 
front The boron/barrum chronvate system is a liquid/solid system (because of 
the presence of low-melting boric oxides), while tungsten delays are gas/solid 
systems. 

Ignition of a solid-liquid reaction may involve mass transport in the solid 
phase, induced by a thermal spike from the igniter. Ignition will cause the tem- 
perature at the flame front to rise to approach the adiabatic reaction temperature 
(see Chapter 7) resulting in the melting of a constituent, hence the formation of 
a liquid phase. The rate~determining step is the wetting of the solid particles by 
the liquid, making possible rapid and efficient mass transport. Capillary action 
assures uniformity of liquid distribution, Reactants which have only limited solu- 
bility in the solid at ambient temperatures may yet dissolve in the liquid to a sig 
nificant extent. 

The rate expression for a condensed phase reaction (2¢., solid-solid or solid- 
liquid) is of the Arrhenius type: 


of pf 
psp py, U-SY (5-1) 
Where Tis the reaction temperature 36 the rate law exponent (2 Ey =) 
Zis time Ris the gas content 
p is density Ff is the fraction unreacted 


Ais the preéxponential coefficient _E, is the activation energy 
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The magnitude of the activation energy provides insight into the mechanism. 
For solid diffusion-controlled reactions, the activation energy is on the order of 
40-80 keal/mol, while for solid-liquid reactions, the energy is lower, 10-40 
keal/mol. 

If the propagation rate, v expressed in cm/s, is assumed to be dominated by 
heat transport (as is usually the case) and not by mass transport, one may assurne 
that the fraction reacted, (1-/), immediately ahead of the reaction front, is zero, 
and that the rate law exponent will be zero (=O). Otherwise the exponent is 
n=1. This means that the reaction rate, 6//d¢ is very high, and that the reaction 
will go on to completion in the reaction zone, within milliseconds. The effect of 
the various parameters on the propagation velocity was modeled” and it was 
found that the rate was, as a first approximation, independent of activation ener- 
gy, density, ambient temperature, tube diameter and design, but strongly affected 
by thermal conductivity. The analytical finding was confirmed experimentally for 
the Pb,O,/Si-Al and B/BaCrO, systems by McLain". Calculation of the propa- 
gation rate is complex because of the partial differential equation which describes 
the temperature distribution in the reaction mass: 


af 
at Mage t QP GR [5-2] 


Cp 


where: Cis the heat capacity, cal/g °C 
Ais the thermal conductivity, cal/em s °C 
Q is the heat of reaction, cal/g 
p is the density, g/cm’ 


Exact solutions of Equation 5-2 are not possible because both temperature and 
time vary with depth into the mass. ‘The current practice is to provide computer 
solutions of the temperature profile as a function of depth® and to use the change 
of depth with time as a measure of the propagation rate. Propagation rate expres- 
sions have been reported’ which have the appearance of a Maillard and Le 
Chatelicr equation: 


AQ 
aT, ~-T) 


15-3] 


where: —_v is the propagation rate 
ais the reaction zone width, [see Equation 5-4], cm 
T, is the adiabatic reaction temperature, K 
T, is the ambient temperature, K 


This equation reduces to Equation 5-4 if 7,~ T, is replaced by O/C. Equation 
5-4 also shows that the propagation of condensed phase reactions is not a func- 
tion of compaction, 2, op # B(p). 
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These discussions must not be interpreted to mean that the performance of 
any pyrotechnic device can be predicted a priori from the materials’ properties. 
On the contrary, the performance must be tested for cach mixture, for each 
method of fabrication, and for each environmental condition — the theoretical 
analysis is at best an aid for data analysis. For instance, by plotting the propaga- 
tion velocity against the reciprocal of the reaction temperature, 7, propagation 
rates may be extrapolated. Likewise, the particle size effect, as well as the effects 
of thermal conductance, density, and heat output can be studied. 

Solid-liquid reactions, when proceeding in a pressed grain, take place in layers. 
The reacted product has a distinctly layered appearance, with the thickness, 5, of 
the layer being equal approximately to the reaction zone width: 


seo [5-4] 


where © is the thermal diffusivity, A/C p, in cm’/s. 


‘This equation is useful for estimating thermal difficulties from the propagation 
rate and the measured thickness of the layers. Layerwise reactions have been 
studied extensively by Merzhanov and coworkers” and by this writer’ who find 
that the lower the reaction rate, g/cm’s, (and hence, the lower the propagation 
rate) the thicker the layers become until eventually the reaction gquenches. 
Another way to view this finding is that at the limit the reaction becomes a 
solid-solid reaction, just before quenching. 

Another interesting reaction system is intermetallic. Examples include the syn- 
thesis of borides,” carbides, and aluminides of the transition metals by binary 
reactions. Originally, the main application in pyrotechnics was in Pyrofuze,’” a 
product consisting of palladium-clad aluminum wires or shects. The mechanism 
is a highly exothermic, diffusion-limited reaction between the elements forming 
a compound via a layerwise reaction. Another pyrotechnic application of inter- 
metallic reactions is the addition of nickel powder to thermite mixtures’ which 
can then be made to ignite around the melting point of aluminum (650° C) 
through the exothermic formation of a small amount of nickel aluminide. 

Recently, titanium/boron mixtures have been of increasing importance as igni- 
tion compositions and are representative of the technology of self-propagating, 
high-temperature synthesis (SHS). The latter is a new development in pyro- 
chemistry which seeks to fabricate materials such as grinding compounds and 
objects by synthesis of the refractory compound from the elements. 


Solid-Gas Reactions 

Whereas condensed phase reactions are usually mass transport (diffusion) lim- 
ited, solid-gas reactions are usually kinetically limited. For instance, in studying 
the reaction of a metal with an inorganic oxidizer (such as a nitrate or chlorate) 
the kinetics of the decomposition of the oxidizer must be considered and Equa~ 
tion 5-1 must be modified accordingly. Surprisingly, decomposition rate con- 
stants for inorganic salts are not commonly published, in part because impurities 
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and mixture components act as catalysts, and reaction rate data must be deter- 
mined by differential thermal analysis (DTA) or thermogravimettic analysis 
(TGA) as described in Chapter 8. In practice, reaction rates of metal-oxidizer 
mixtures are always determined empirically. Certain oxidizers, such as chlorates 
and perchlorates, react with fuels to form volatile oxychlorides, chlorides, and 
oxides so that any rigorous kinetics study would be highly doubtful, even if sta~ 
bility data were available. 

The largest group of solid-gas systems contain hydrogen and carbonaceous 
material and these serve as gas generators. The reaction takes place in the gas 
phase in a boundary layer above the substratum. The analysis of this type of reac 
tion is associated with the work of Kuo and Summerfield; a detailed presenta- 
tion of this reaction model is beyond the scope of this book. 

‘The propagation rate of a solid-gas reaction is approximated by the expression: 


r=ab ® [5-8] 


where: ris the burning rate, cm/s 
P_is the chamber pressure, atm 
ais a constant in the range 0.05-0.002 
nis a constant in the range 0.4-0.85 


There ate pyrotechnic reactions whose rates relate in a complex manner to a 
combination of the above mechanisms. For instance, motion picture studies of 
the burning of a magnesium/sodium nitrate flare have shown that the endother- 
mically decomposing nitrate grain (in which the spherical magnesium particles 
are imbedded) generates gaseous nitric oxide and sodium oxide, which expel the 
magnesium particles. The surface oxidizes, generating heat which vaporizes the 
magnesium in the interior, and upon being vented, it reacts with the oxidizing 
atmosphere in the boundary layer, generating radiant heat which further decom- 
poses the nitrate. I"lares and tracers are not burned under pressure, but the pres- 
sure effect in such reactions would no doubt be a large one. One might assume 
that the pressure effect will be similar to that found for pressed black powder 
grains (¢.g., in model rockets) which have two burning rates, depending on pres- 


sure’: 


r= O.871 P.O where 1.7 < P.< 5.1 atm 
r= 148 P.O where 5.1 < P.«< 27.2 atm 


Another interesting example of gas-solid reactions is that of the magnesium/ 
Teflon system, which is of importance both as an igniter and as an infra-red 
(decoy) illuminant. The volatility of the reaction products in the flame front 
enhances ignitability and speeds up reactions by providing a mass and heat trans- 
fer medium, This is also truc of reactions considered “gasless” because they have 
reaction fronts which are anything but gasless. For instance, in the 
aluminum/copper oxide first-fire, the highly exothermic reaction results in the 
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formation of gaseous copper, the condensation of which in front of the reaction 
zone, provides an effective means of heat transfer. Mame transport by het parti- 
cles is highly desired and is the reason for selecting black powder or zirconium- 
containing mixtures for ignition. Yet none of the existing theories of ignition 
provide for this mechanism. Until this effect is quantified, ignition theories will 
be incomplete. 

Halides are as a rule more volatile than oxides so that the addition of a halide 
donor accelerates the reaction, even if the reaction temperature is lowered by the 
endothermicity of the halide decomposition. There is another important reason 
for the halide addition which is discussed in more detail as part of the flame 
oration problem. Halides volatilize sorne refractory oxides and produce a trans- 
parent flame which in turn will exhibit a stronger color. 

Still another method for enhancing ignitability and accelerating reactions con- 
sists of selecting oxidizers which have a low melting point. When one compo- 
nent dissolves another without reaction, the melting point of the solution is low~ 
ered until an eutectic composition is reached. A study of eutectic mixtures of oxi- 
dizers discloses low melting combinations which can be prepared and used s safely. 
‘The resulting cutectic mixtures can be blended with the fuel and may result in 
compositions which initiate at lower temperatures and which react more rapidly 
than do mixtures with single oxidizers. One of Bowden's patents® illustrates this 
point: the eutectic mixture of potassium, soditwm and lithium nitrates is claimed 
to produce a black powder which burns faster than the standard material. Table 
§-1 is a list of various nitrate mixtures. 
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‘Table 5-1. Melting Points of Nitrates and their Eutectics 


Percent by mass of Nitrates™ M.P, °C 
100 Li 255.0 
100 Na 308.0 
55 Li, 45 Na 198.0 
100 K 333.0 
34 Li, 66 K 129.0 
45 Na, 55 K 225.7 
30 La, 16 Na, 54K 119.0 
100 NH, 170.0 
78.2 NH,, 21.8 Na 121.1 
66.5 NH, 21 Na, 12.5 K 118.5 
100 Urea 133.0 
18.8 La, 81.2 Urea van) 
50 Li, 50 Urea 98.5 
100 Ag 212.0 
25 Li, 75 Ag 171.5 
20 Li, 61 NHL, 19 Ag 52.0 
8 Na, 55.5 NH, 36.5 Ag 95.0 
12 Na, 67.5 NEL, 20.5 Ag 94.0 
100 Ti (monovalent) 206.0 
12.5 14, 87.5 Ti 136.5 
100 Rb 310.0 
18 La, 82 Rb 154.0 
46.5 Li, 53.5 Rb 1795 
32 Na, 68 Rb 178.5 
100 Cs 414.0 
32 Li, 68 Cs 174.0 
100 Ca 561.0 
70 La, 30 Ca 235.2 
30.5 Li, 40 Na, 29.5 Ca 170.3 
23 Li, 62 K, 15 Ca 117.4 
11.8 Na, 39.4K, 48.8 Ca 133.0 


* The chemical symbols stand for the metallic nitrate, whereas ‘urea’ stands for 
the compound itself These data were taken from the Technical Data Sheet TD- 
105 (Foote Mineral Company) and Mellor, where in Supplement TI, Part 0, 
p. 1250/7 are listed also the eutectics with alkali dichromates. 
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Color Creation 


No treatment of pyrotechnics can attempt completion without an examination 
of the phenomena of color generation. The matter is worth consideration 
because the requirements for the practical attainment of aesthetic and useful 
results are by no means simple. It is here that application of physical theory to 
the needs of pyrotechnics has done most to reduce the need for lengthy formula- 
ties based upon exhaustive trial and error. Much is owed to the current genera- 
tion of practitioners, particularly Dr. Takeo Shimizu ** in Japan and R. G. 
Cardwell ef al. in the U.S.A. for making available more information about the 
current state of the subject. 

There is an abundance of useful data on color visibility in the Addiary 
Pyrotechnics series which also extensively treats the physical principles of color 
perception, with military requirements in mind. The current emphasis on 
pyrotechnic effects in the infrared range for signalling and decoy purposes has 
shifted the focus from the study of subjective physiological responses to instru- 
mental analysis and detection. Most people associate the term “pyrotechnics” 
with fireworks. Indeed, the most memorable aspect of fireworks is the diversity 
of visual effects in terms of brightness, color, and spark effects. While certain 
types of fireworks are quite common, nothing in pyrotechnics is as difficult as the 
creation of reproducible visual effects. 

The visible colors can be described by the characteristic frequency ranges 


(Table 6-1). 
Table 6-1. Wavelength Ranges of Spectral Colors” 


Color Wavelength, om 
Infrared > 700 
Red 700-610 
Yellow 610-570 
Green 570-500 
Blue 500-450 


Violet 450-400 


39 


PYROTECHNICS 


Light emitted within a particular v vavelength range can reasonably be 
described as monochromatic; yet when colored light is generated pyrotechnically, 
it is not monochromatic, because it also contains spectral components outside the 
desired spectral range. Therefore, most pyrotechnic colors are not “spectral col- 
oss” characterized by a narrow cluster of wavelengths, but are perceived through 
physiological responses. The reason pyrotechnic flames behave in this manner is 
that the photon emission is characteristic of the decay of the electron excitation. 
Atoms, when excited by high temperatures, produce several strong emission 
lines, both within and outside the visible range. Only a few elements have princi- 
pal emission lines lying within a narrow visible range. Multiplicity of emission 
lines in the visible range causes the color to become impure and “washed out.” 
The other reason for the complexity of pyrotechnic colors is that the flames con~ 
tain a high density of ions and free electrons. The decay of their excitation does 
not exhibit monochromatic emission. Upon cooling, clectrons and ions recom 
bine and their excess energy is carried off as photons. Because free electrons and 
ions start with a continuum distribution of energies, the omitted photons will be 
see as a continuous spectrum and therefore perceived as white light. The more 
intense this continuous spectrum is, the weaker the perceived color. Therefore, 
atomic line spectra are not the best source of color, except for the yellow of sodi- 
um and perhaps the infrared colors of other alkali metals, the flames of which 
owe their brightness to “line broadening” (sce Chapter 17). Many ionized species 
exist in the gaseous phase as bi~ and tri-atomic molecules which give off molecu- 
lar band spectra that arise from the ability of the molecule to absorb vibrational 
and rotational energy. Because molecules have fixed masses, sizes, and interatom- 
ic spacings, their rotational and vibrational energies are also quantized and so can 
take up and emit energies in discrete wavelengths. To the extent that these band 
spectra are in the visible range, they are of interest in pyrotechnics. Molecular 
band spectra are stronger than atomic line spectra because they exist over a wider 
spectral range and thus give the illusion of a “purer” color. 


Additives are necessary in pyrotechnics as “color intensifiers” except in the case 
of sodium yellows. Molecular spectra are useful because they provide insight into 
the structure of the molecule and its energy of forrnation, among other thermo- 
dynamic data. The molecular species that give the best colors are the halides of 
the alkaline carths and copper. The halides of other elements do not emit in the 
visible region, but may emit in the infrared. The energy bands, listed in Table 6- 
2, are by no means of equal intensity, but many of them are found in tight chus- 
ters and so appear as a stronger light rather than a pure color. 


‘Triangular graphs for illustration of the relative quantities of fucl, oxidizer and 
additive are a great aid for demonstrating that there is really no perfect compost- 
tion for the attainment of a pyrotechnic color, but that most mixtures are useful 
through a range of ratios. Quite a number of these have been published by 
Shimizu?" 
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‘Table 6-2. Spectra of Simple Molecules of Interest in Pyrotechnics'” 


Molecule 


RaCl 
BaCl 
BaF 
BaF 
SrBr 
SrCl 
SrBr 
SrCl 
Cabr 
CaBr 
CaCl 
CaCl 
Cal 
CaF 
CaCl 
CaF 
Bal 
SbO 
Bal 
Babr 
CaF 
BaCl 
CuCl 
Baber 
BaCl 
BeOH 
Cul 
CaF 
Cu) 
Cub 
BaOH 
SbO 
Cal 
Bicl 
PbCl 
PbF 
BiF 
Bik 
CuBr 
Cal 


Wavelength, nm 


910.0 
842.0 
712.2 
7i1.0 
680.2 
OTA? 
666.5 
6615 
628.0 
625.5 
621.3 
618.6 
606.6 
603.8 
593.5 
569.6 
5614 
543.3 
538.5 
536.1 
530.9 
524.6 
526.4 
S210 
514.0 
5124 
507.4 
506.7 
488.3 
488.1 
487.0 
486.8 
459.8 
459.6 
458.1 
444.2 
436.8 
434.2 
434.2 
429.0 
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Several systems have been devised for measuring color values. In 1931, the 
Commission Internationale de PEclairage (C.LE.), also known as the Interna- 
tional Commission on Tlumination (.C.1.) recommended the use of the tri- 
dimensional stimulus system, resulting in the Standard Colorimetric Codrdinate 
System, or the X, Y, Z Color Triangle (see F ig. 6-1 and PLATE T). Another well- 
known approach is the Munsell color system, which gives the Munsell hue, 
value, and chroma of an unknown color by interpolation with Munsell color 
charts. Finally, color may be estimated by reaction temperature or wavelength 
(see Table 6-1). The Munsell color system is more subjective, whereas the C.LE. 
system lends itself to being quantified. One can take a spectrum of the source 
with a spectrometer, and, after manipulation of the data, compute the X, Y, Z% 
chromaticity codrdinates, dominant wavelength, and purity. The results can be 
plotted automatically on the chromaticity diagram. Software programs exist to 
average the output of spectrometers, interferometers, or other devices used to 
obtain the spectrum of a source, thereby allowing for easy amplitude and wave- 
length calibration from standard sources. The CLE. coérdinates are obtained by 
comparing the acquired spectra with curves stored in memory. 

The tridimensional color stimulus values have been determined as a result of 
color comparison in tests conducted on many observers and compiled in order to 
estimate the sensitivity of the “Standard Observer.” The XY% color triangle is 
intended to reflect a quantitative measure of the three LC.1. primary colors (red, 
green, and blue) to match the amount of energy observed from an equivalent 
monochromatic source. Because the intensities of the three primaries add up to 
unity, only the values of x and y need be plotted on the chromaticity diagram 
where 


we K/CK+¥+Z) 
y= YAX+Y +2) 


and X = intensity of blue, 
Y = intensity of red, 
Z = intensity of green. 


The center of the triangle (C) is the point of “white light” and corresponds to 
average daylight. While in practice it is difficult to assign tri-stimulus values 
without elaborate instrumentation, the scheme holds a certain attraction for 
pyrotechnists because it allows one to visualize the effect of blending certain col- 
ors. For instance, the line drawn between 380 nm and 700 nm forms the base of 
the triangle, which is called the “purple line,” along which no perceptible color 
exists. Therefore, if one desires a purple color, care must be exercised in blending 
the colors at the extremity of the line lest the “C” point be approached and the 
color become “washed out.” Much effort and skill are required to produce a pur- 
ple flame as was documented by T. Shimizu” and R. M. Winokur?” In fact, the 
colors are described as “violet, lilac, reddish purple, catmine purple, crimson and 
mauve”, 
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Figure 6-1. CLE. chromaticity diagram {See alo PLATE I). 
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Chapter 7 
‘Thermochemical Calculations 


Before questions can be answered regarding a pyrotechnic reaction’s rate, tem- 
perature, and reaction mechanism, one must determine energy output. Thermo- 
dynamics is one of the few aspects of pyrotechnics that permits accurate predic 
tion of performance from published data. Toward this end one should have 
access to a good compilation of thermodynamic data. Convenient sources are the 
Chemical Rubber Company's Handbook of Chemistry and Physics", and Lange’s 
Handbook of Chemistry in which are found the standard heats of formation (ze. 
the values at 1 aten and at 298 K), the entropies, heat capacities, melting points 
and boiling points of the elements, their salts, and their oxides. From these data 
may be computed the heat of reaction, AH, which, when adjusted for stoichiom- 
etry and ambient temperature, is used to determine the heats of reaction of the 
mixture (Q,) and the adiabatic reaction temperature. Thermodynamic principles 
help to determine the selection of reaction candidates and to judge the feasibility 
of untried reactions, 

Whereas thermodynamics describes equilibrium states, thermochemistry cov- 
ers all thermally induced changes, their kinetics, and their mechanisms (the 
“reaction paths”). Thermochemistry deals with both magnitude and direction, 
and predictions of thermochemical effects which require knowledge of the rate of 
processes, so that time becomes an important variable. 


Heat of Reaction 
The heat of reaction (AHL) is best calculated from the standard heats of forma- 
tion of the products and the reactants: 


AH, = ZAH,/(products) ~ ZAH,(reactants) 7-4] 


It is important that the state of the reactants be known. This task is facilitated 
by assuming all reactants to be at the same temperature, such as 298 K. The heats 
of formation of the reactants fromm the elements, AH,” is the reference state for 
which thermodynamic data are tabulated.” 


Caleulation of the Adiabatic Reaction Temperature 

Tn this calculation only a single equilibrium is considered. In fact, even moder- 
ately complex calculations for mixtures of multiple components, especially when 
these are not present in stoichiometric quantities, cannot be solved by assuming 
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Table 7-1. Conversion Factors 


Units 


Heat Capacity, Entropy 
cal/(e-mol-K) 
BTU/b-moF-R) 


Enthalpy, Pree Energy 
keal/(g-mol) 
keal/em* 
BTU/Gb-mol) 

Density 
g/cm! 

Ib/in® 

Universal Gas Constant 
1.9864 cal/(g-mol-K) 

Pressure 
Atmosphere 
Bar 
‘Torr (mmHg) 
Ib/in 
N/m? 
kef/n’* 

Thermal Conductivity 
cal/ (sec cm’)(°K/ern) 
Wem? @K/cem) 
BTU/hr ft (°R/ft) 

Mass 
gr (troy, avoirdupois, apothecaries’) 
oz (avoirdupois) 
oz (troy) 

t (short ton) 
t Vong ton) 

Length 
in 
ft 
mi 

Explosives Loading 
etl ft 

Temperature 
* Centigrade 
© Rankine 
© Fahrenheit 
© Kelvin 

* Kilogram force 


Multiplication Factors 


4.187 k]/(kg-mol-K) 
1.292 kI/(kg-mol-K) 


or 
4.187 kJ/3.241 (ke-mol-K) 


4.187 M]/(ke-mol) 
4.187 Gi/m' 
2.326 kj/(kg-mol) 


1xlO* ke/m’? 
2.768% 10° kg/m? 


8.314 kJ/ke-mol-K) 


1.013 x 10% Pa 
i «10° Pa 
1.333 X10? Pa 
6.895 X 10° Pa 
1.000 Pa 
9.807 Pa 


2.012 X10" J/sec m °K 
O.ASLX 10" /sec m eK 
1.731 V/see m °K 


0.06481 g 


28.35 g 
31.16 g 
907.18 ke 

1016 kg 
0.0254 m 
0.3048 m 

1609 ia 
4.703 g/m 


°C +273.16 °K 

1.8 °K (exact) 

LB °C + 32 (exact) 
(100/180) (°F ~32) + 273.16 
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that the simultaneous equilibria exist in closed form and it becomes necessary to 
employ either a trial and error computation or an iterative solution of simultane- 
ous equations. 

Not long ago, a number of methods were routinely used for the manual caleu- 
lation of special problems such as the prediction of the composition of rocket 
exhaust gases. At present, almost all calculations of chemical equilibria are per- 
formed by computer and the reader is referred to the specialized literature.** 

‘The following is an example of manual calculation of the flame temperature of 
a magnesium/sodium nitrate composition typical of the kind used in many illu- 
minating flares. There are several possible ways for this reaction to proceed which 
in turn determine the relative amounts of magnesium and sodium nitrate for a 
stoichiometric reaction. ‘Two examples are: 


5 Mg + 2NaNO, > 5 MgO+ Na,O + N, [7-2] 


6 Mg + 2NaNO, > 6MgO+2Na +N, (7-31 


From the JANAF Tables'® we find that sodium oxide is thermodynamically 
unstable above 2200 K (ie, AG, becomes positive). Assuming that the flame 
temperature is likely to be above 2200 K, it can be conchided that Reaction 7-2 
is less likely to occur than Reaction 7-3. From Equation 7-1 the following is cal- 
culated: 


AH, = [6(-143.8) + 2(0) + 1(0)] ~ [6(0) +2(-115.0)] = —632.8 kcal/mol 


This value, calculated for the overall reaction on a molar basis, is equivalent to 
2.16 keal/g. 

The above data can be used in a computer solution which tells whether the 
products are solid, liquid, or gaseous at the reaction temperature, and how much 
of each product is present at equilibrium, as well as the adiabatic reaction tem~ 
perature. In a manual computation, the reaction temperature is determined 
through a trial and error procedure by equating the enthalpies of the reaction 
products with the heat of reaction: 


29% 
SH Hyg) + AH,, + AH, = 632.8 kcal/mol [7-4] 


where AH,, and AH, are the heats of fusion and of vaporization respectively. 


‘The problem is to determine the temperature at which the equality occurs. The 
JANAF tables report that magnesium oxide vaporizes at high temperatures and 
that the vapor pressure is appreciable at its melting point of 3100 K. Therefore, 
as a first approximation, it can be assumed that the flame temperature is the 
melting point of the oxide. The enthalpies of the products, as obtained from the 
JANAF Tables™, are as follows: 


Nitrogen (Hojo Hyg)... 23.051 kcal/mol 
SolidMgOQ  (AH,*®*) ... 35.847 kcal/mol 
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for gaseous sodium AR, 0.622 kcal/mol 
AH, 23.285 keal/mol 

Enthalpy of liquid CH yoo Hag) = 5.708 

Enthalpy of vapor (Hoioo~Hitoo) = 9-993 


39.605 kcal/mole 


The total enthalpy of the products at 3100 K, as computed from 
Equation 7-3, is: 


(6 X 35.847) + (2 X 39.605) + 23.051 = 317.383 keal 


Because this enthalpy is less than the computed heat of reaction of 632.8 keal, 
it can be assumed that the magnesium oxide is molten. Magnesium oxide has a 
heat of fusion of 18.592 kcal/mole. The revised enthalpy is: 


(6 x 18.592) + 317.383 = 428.935 keal 


The excess enthalpy (632.8 ~ 428.935 = 203.9 kcal) is sufficient to vaporize 
some but not all of the six moles of magnesium oxide, and therefore the original 
assumption that the combustion temperature did not exceed the boiling point of 
the oxide was correct. The heat of vaporization of magnesium oxide (133.807 
keal/mol) is the difference between the heat of formation from the elements of 
gaseous oxide at 3100 K as shown in the JANAF Tables. 


Use of Thermodynamic Tables 

The two thermodynamic functions of greatest utility in thermochemical calcu- 
lations are the enthalpy (F1) which for isobaric processes equals the heat generat- 
ed or transferred by a chemical reaction; the other function is the free energy (CG) 
from which the composition at equilibrium and the direction of a chernical reac~ 
tion can be computed. Only when all products of the reaction are in the con- 
densed phase (as is the case in some pyrotechnic reactions but never in propellant 
or explosive reactions) is the enthalpy change (AH) approximately equal to the 
free energy change (AG). Only in the case of a condensed phase reaction does a 
negative enthalpy change predict the likelihood of the reaction. 

As a matter of convention, enthalpies and free energies are based on a standard 
state, usually the crystalline solid at 298 K. Also by convention, enthalpies and 
free energies of formation of the elements in their standard states are zero. ‘Ther- 
modynamic functions with respect to temperature are tabul ated in a standard ref- 
erence.” They may also be calculated from the heat capacities and the standard 
heats of formation. While the equilibria of complex reactions and of multicorm~ 
ponent systems are today most easily calculated by computer, the ability to use 
tabulated data is a great help in predicting the direction and the extent of the 
reaction. Although no equilibria depend on the path of the reaction, in analyzing 
reactive systems, it is necessary to examine the equilibrium under reaction condi- 
tions and not at the standard state. For the calculation of the equilibria at high 
temperatures, information about the stability of the products must be obtained. 
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Otherwise, the results will be erroneous, as was shown in the preceding example 
of the flare fame temperature. 

‘Tabulated functions can be used for the prediction of a pyrochemical reaction. 
Por example, should it be desired to find out whether a mixture of carbon and 
chromic oxide were a useful one, the thermodynamics of the following reaction 
would be examined: 


Cr Ogg + 3Cy 9 2 Cry + 3 CO) [7-5] 


There might be a number of other reactions, such as the formation of chromi- 
um. carbide with excess carbon or the formation of carbon dioxide with excess 
chromic oxide, or the chromic oxide might be only partially reduced, OF these 
substances, all, some, or none, might be found in the final reaction product. This 
is what is meant by a complex equilibrium. Strictly speaking, the following calcu- 
lation ought to be performed for all possible reactions. The one with the mini- 
mum free energy, Ze, the one that is the most negative, is selected as being the 
roost likely. 


The free energy change is calculated as follows: 
AGy = AH, ~ TAS [7-6] 
where AGy represents the value at temperature T and not, as before, at the stan- 
dard condition, An alternate expression for the free energy equation is: 


AH. 
AGy = AH, —'T(AFy ~ a ) 7-7] 


Note that im Equation 7-5, one product is gaseous so that either Equation 7-6 
or 7-7 is used instead of Equation 7-1. "The thermodynamic data for the products 
and for the reactants are as follows: 


LE keal gm keal (ar, _ AH,” keal 


mole f mole v 


/ mole 
Reactants 
271.2 19.396 49.396 

0 3x 1.359 3X 1.359 
Products / 
2Crpy 0 2x 5.645 2X 5.645 
oom 3X (26.417) 3X 47.214 2 47.214 
Sprod—Yreact, | +191.95 129.459 + 129.459 
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At equilibrium, AG = 0. Substituting these values into Equations 7-6 or 7-7, 

we obtain 
p= T1850. 1483 K 
129.459 

We conclude from this that the reaction would not proceed unless the temper- 
ature were to exceed 1483 K. Similar calculations for alternate reactions show 
that even higher temperatures would be required to make this reaction proceed 
as written. As a candidate for a pyrotechnic reaction this system would be a fail- 
ure. To determine whether there might be a chance of using this reaction to pre- 
pare metallic chromium under a vacuum when the reactants were held at 1300 K 
the change of free energy with pressure is calculated from 


. P 
AG = —RT log, 44 [7-8] 
BR 
Calculating the free energy change from the above data at 1300 K , Equation 
7-7 yields: 


AG = 191,950 ~ (1300 x 129.459) = 23,654 cal/mole 


Setting P, = 1 atm, from Equation 7-8 it is found that P, = ix10~ atm, a 
pressure readily attainable in a laboratory vacuum furnace. 

An interesting demonstration of the importance of free energy in determining 
equilibria is found in the delay mixture of boron and barium chromate. If the 
heat of reaction at the adiabatic reaction temperature were equal to the free ener- 
gy change, one would write: 


2B + 2 BaCrO, > BLO, + 2 BaO + Cr,O, (4.1 mass% B) 


Experimentally one finds, however, that the maximum heat of reaction is at 
14.5 mass% B, because above 1000° C, BO is the stable product instead of B,O,. 
Therefore, the following equation describes the reaction more correctly: 


4B + BaCrO, - 48O + Ba + Cr 


At ambient temperature, the reaction products will be a mixture of B,O,, BaO, 
CrO, and CrB. If the reaction were accompanied by gas formation, one would 
expect the propagation rate of this reaction to be pressure dependent. In fact, this 
is found to be the case when the mixture is prepared mechanically, but not when 
the mixture is co-precipitated. 
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Chapter 8 
Some Words on Instrumentation 


Pyrotechnics, as much as any science, relies on experimentally observed evi- 
dence. Significant advances have taken place in recent years in instrumental 
analysis and measurements. 


Heats of Reaction 

‘The preferred tool for measurement of heats of reaction is the bomb calorime- 
ter. The device allows the reaction of a known quantity of substance or mixture in 
a controlled atmosphere and closed volume. The change of enthalpy (ie., of heat 
content) in the bomb is determined by immersion in a bath the initial and final 
temperature of which are monitored. The heat capacity of the bomb and of the 
ancillary components is measured by the combustion therein of a known sub- 
stance (e.g., benzoic acid in oxygen). The calorimeter is allowed to return to stan- 
dard ternperature and pressure in order to account for the heats of vaporization 
of liquid components. Methods depend on the particular calorimeter used and 
the reader is urged to follow the manufacturer's instructions. Further details are 
given by Sumner and Mansson.™" 

‘The preference in this book is to use the term “reaction” in discussing self-con- 
tained phenomena and to reserve the word “combustion” for processes which 
involve the ambient atmosphere (eg., the “combustion” of magnesium in air or 
chlorine, but “reaction” of magnesium with potassium perchlorate). 

Currently the most popular tool in the study of pyrotechnic phenomena and 
reaction kinetics is differential thermal analysis (DTA). This is, for all practical 
purposes, the sarne as differential scanning calorimetry (DSC). This method 
involves the measurement of the difference in temperature (AT’) between the 
sample and a reference material which has no thermal transition in the tempera- 
ture region of interest. This reference material may be inert or it may be a ther- 
mally insulated calorimeter. The temperature of the calorimeter is changed in a 
programmed manner. A valuable adjunct in this work is a microprocessor. This 
permits the control of temperature ramps, records, differentiates, and stores the 
data, as well as identifying maxima and minima. The thermocouples (or thermis- 
tors) which are located in the sample and in the reference rnaterial are wired 
back-to-back so that if the two junctions are at the same ternperature, the result- 
ing electromotive force is zero. Normally, the amplifier and the recorder are wired 
so that a higher sample temperature is displayed by a higher voltage. The 
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allowable temperature range is limited only by the design of the calorimeter and 
the thermocouple device. In an inert atmosphere or a vacuum, temperatures of 
2400° C are attainable. 

Endotherms are associated with phase transitions and reduced heat capacity 
(sometimes due to sample loss) and exotherms signal heat generation. The de- 
flection of the recorder is related to the rate of heat generation (in pew) by a factor 
that can be obtained by calibration with a reference material or from the manu-~ 
facturer’s data. The maxima in the exotherms are dependent on the rate of heat- 
ing and are a measure of the kinetics of the reaction. Dependable kinetic data can 
be obtained only with a series of isothermal runs. The peculiar experimental con- 
ditions of a DTA experiment would seem to be rather remote from the “real 
world” and therefore the data obtained would have little resemblance to data 
which might be obtained from a bulk sample. Nevertheless, DTA is a popular 
technique in safety studies because the onset of decomposition or reaction is 
clearly signaled even for very small quantities (1-10 mg), and because the atmos- 
pheric conditions can be controlled independently. 


Kinetics of Reaction 
‘Two studies have been reported on the determination of kinetic parameters for 
a reaction in a single DTA run™* by the integration of the equation: 


~E, 
a Ali~x)", where the exponent 7 = RT [8-1] 


By equating the reaction rate, dx/dt, with the rate of change of the temmpera~ 
ture, wes and assuming that the order of the rate law, , and the activation 
energy, &,, remain constant, all parameters can be computed from two or more 
data points on a single run. 


Accelerating Rate Calorimetry 


A newer technique for the study of exothermic reactions is Accelerating Rate 
Calorimetry (ARC™).* Flere the sample (1-10g) is contained in an explosion- 
proof container where it is heated in a stepwise fashion. As soon as a thermal 
sensor detects heat generated fromm the sample, the experiment is allowed to 
progress under strict adiabatic control.” A microprocessor displays the rate of 
self-heating as a function of temperature. The slope of the curve is related to the 
activation energy and the reaction-rate constant of the process. Another impor- 
tant datum is the time taken to attain maximum reaction rate. This has been suc- 
cessfully applied to real-life hazard prediction.’ For instance, from the thermal 
constants of the containers, an estimate of the safe life of the system can be made 
as a function of its mass. Analogous data are generated for gas- forming reactions 
in. terms of rate of pressure generation, thus providing full time, temperature, and 
pressure data in one experiment. 


*ARC™ js a registered trademark of the Columbia Scientific Industries Corporation, 
P.O. Box 9908, Austin TK 78766. 
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Whereas the time required per run can be lengthy (twenty-four hours is typi- 
cal), many of the data obtained are unique in that they do not depend on the 
quantity of material tested. Therefore, critical storage masses and critical storage 
temperatures are accessible from a single run in a reasonable time frame. Runs in 
controlled atmospheres are also possible. 

An application of ARC™ to a strictly pyrotechnic problem involved a study of 
the stability of titanium subhydride when it is mixed with potassium perchlo- 
rate.” Because ARC™ should only be applied to reactions which go to comple- 
tion below 500° C, the high-temperature stability of the titaniura subhydride 
mixture limited the interpretation of the data 

In an unpublished study of the decomposition of black powder,* useful ARC™ 
data were obtained which indicated that ARC™ is of value in such pyrotechnic 
reactions in which the reaction temperature falls within the operating range of 
the instrument. For instance, Fig. 8-1 shows the time to maximum rate as a 
function of temperature. From these data if could be inferred that given a mass of 
black powder thermally insulated, stored at 180° C, 500 minutes would elapse 
prior to initiation, but at 240° C only 13 minutes would. 
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Figure 8-1. Time te ignition of black powder as obtained by ARC™. 


‘Thermo-Gravimetric Analysis 
Commercial devices for thermogravimettic analysis (TGA) have become “user 
friendly”. The onset of reactions and the differentiation between phase changes 
(no mass loss) and reaction with mass loss or gain can be observed, and so can be 
distinguished from observations with DTA. The mass loss rates, preferably 
obtained from isothermal runs, lend themselves directly to kinetic analysis: 
dw 


~E 
“a Ant’ where the exponent 7 = ( R ) (8-2) 


* Courtesy Dr. T.'T. Griffiths, RARDE, Fort Halstead, Sevenoaks, Kent, UK 
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Determination of the rate of mass change at several termperatures permits com- 
puter-programmed curve fitting and calculation of the activation prefix A, the 
activation energy #, and the order of the reaction, », with high precision over a 
wide portion of the thermograrm. 

‘These various techniques, DSC, DTA, ARC'™, and TGA all complement 
each other and aid in the study of the thermal stability and thermal initiation of 
many kinds of pyrotechnic mixtures. The techniques recommend themselves 
because the quantities of materials studied are usually small, so that safety in lab- 
oratory operation and preservation of the laboratory equipment are greatly facili- 
tated. On the other hand, it is necessary to guard against non-homogeneity in 
the sampling of the lot. Multiple and consecutive reactions can be studied at 
times if mechanistic explanations exist. Gonverselys the observation of multiple 
and consecutive reactions frequently aids in the establishment of a reaction 
mechanism. Much of the mystery of the pre-induction step is frequently 
removed by a preliminary precision thermal analysis. For instance, if the reaction 
is preceded by melting, or if the reaction is characterized by a phase change, erro~ 
neous kinetic data are often obtained, because the order of a reaction has no real 
significance in such cases. Likewise, autocatalysts may lead to profound errors in 
interpretation. 

Mass spectroscopy, performed on the starting materials or on the products of 
thermal analysis, helps to identify the role of wace contaminants in affecting the 
kinetics of a process. For instance, this author“ showed by means of mass spec- 
trometry that the effectiveness of antimony sulfide in influencing the “quickness” 
of a pyrotechnic mixture depended greatly on the amount of sulfur contamina- 
tion in the sample. Furthermore, mass spectrometry coupled with thermal analy- 
sis can explain the reaction mechanism by identifying the change of composition 
of the gaseous reaction products with temperature. 


Temperature Measurement 
Pyremetry 


Pyrotechnic reactions take place at high ternperatures, at relatively high rates, 
and with the formation of copious smoke and gas. ‘The problem of temperature 
measurement is thus fraught with difficulty. This discussion can only touch on 
the complications without really helping the reader to solve specific problems. 

‘Temperature measurement by pyrometry and radiometry is possible because 
radiation emitted by a luminous solid is a function of its temperature. A 
radiometer, or pyrometer, is an optical instrument which collects radiation from a 
narrow field of view and converts it into an electrical signal. The magnitude of 
this signal can be measured with great precision and speed. 

The energy radiated by a body covers a wide range of frequencies and wave- 
lengths. The wavelength at which the maxirmum or peak radiation occurs, is 
determined by the temperature of the body. As the temperature increases, the 
peak radiation shifts to the shorter wavelengths and the total amount of radiated 
energy increases. 
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The ideal source, and the only one for which the total radiated energy is a sim~ 
ple function of teraperature, is called a “black body.” In pyrotechnics, however, 
the radiating body does not radiate over the entixe frequency range in a uniform 
manner because the emittance of the radiator changes with frequency (ze, tem- 
perature). A body the emittance of which is relatively independent of tempera- 
ture, but less than that of'a black body, is called a grey body. 

In order to minimize the errors inherent in the grey body assumption, pyrome- 
try is not usually performed with wide frequency band radiometry, but with 
pyrometers which filter the observed radiant energy to narrow bandwidths. 
Emuttance can be deterrnined at the wavelength of interest with reflectance spec- 
trophotometry (ze, by measuring the reflected energy with a monochromator). 
Pyrometers operate as “brightness pyrometers”; usually ar 650 nm. They are 
accurate only if the emitter is grey or black at this wavelength. In some experi- 
mental set-ups it is possible to form a cavity into the surface which can then be 
considered “black” and for which no emittance correction is necessary, The 
pyrometer is usually so configured that the surface, and a heated filament which 
acts as an internal standard, are viewed alternately. The rate of switching is called 
the “chopping rate” which ultimately limits the temporal data resolution and 
which therefore limits the time frame in which kinetic data can be acquired. 

An alternate type is a “ewo-color pyrometer” which is designed to eliminate the 
need for emittance corrections by measuring the ratio of the radiant energy at 
two narrow wavelength bands. Emissivities will cancel only if the source has the 
same emissivity at both wavelengths (2e., is a grey body). Because emissivity 
changes with temperature, the accuracy of a two-color pyrometer decreases with 
increasing ternperature. 

In pyrometry, the size of the source must at least equal the size of the detector 
(the “spot”). "The duration of the event must at least equal the exposure time of 
the detector, ie., the interval between “chops” of an AC instrument. Readings 
will be low when the radiation must pass through a colder intervening gas enve- 
lope, or when it is partially obscured by smoke. The reader is directed to the 
voluminous special literature on this subject.” 


Flame Temperatures 


The line reversal method is the most favored technique for the flame tempera- 
ture range frorn 1500-5000 K.” Unfortunately, the technique requires complex 
apparatus and is therefore better suited for laboratory studies as opposed to field 
studies. 

This line reversal method is based on the use of emitters present in the flame, 
or which are introduced into the flame, and which emit characteristic spectral 
lines. The process employed is to determine the point of reversal. This point 
corresponds to the instant at which the radiation emitted by the filament at a 
known temperature is made to pass through a flame at the same temperature so 
that the absorption is compensated by the emission from the flame. This causes 
the flame to vanish. At any other temperature, the filament will either appear to 
be luminous or as a dark line. Flame temperatures which exceed the filament 
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temperature may be attenuated by the use of filters. The absorbance of the filter 
being known, it becomes possible to determine the brightness teraperature of the 
flame, the true temperature of the filament, and the absorbance of the flame. 
Assuming the temperature of the filament to be known and constant, simultane- 
ous readings of the radiant output of the flame with and without the filament 
yermit temperature resolution in the time frame of the chopper. 


Thermocouple Thermometry 


Thermocouples have many advantages in pyrotechnic studies, not the least 
ing that they are inexpensive, and therefore expendable. Thermocouples can be 
used. over a wide range of teraperatures from subambient to 2100° C. The num- 
ber of potential thermocouple combinations is virtually infinite but fortunately 
there has been a large amount of standardization. Finally, thermocouple systems 
are easy to instrument: portable potentiometers, recording potentiometers, gal- 
vanometers, and oscilloscopes are all commonly used. There is, for high tempera- 
ture measurements, no real need for a temperature-compensated junction, The 
feature this author likes best is that in a sacrificial application, multiple thermo- 
couples give a measure both of the rate of propagation of the reaction, and of the 
ignition temperature. Thermocouple response is not linear over wide temperature 
ranges, and for precise work, each thermocouple (from each batch of wire) 
should be calibrated using the freezing points of a series of pure metals. The 
electromotive force values for the various couples are tabulated in various hand- 
books and in the trade literature generously supplied by the manufacturers of the 
wires.” 


Table 8-1. Thermocouple Combinations 


‘Type ‘Temperature Materials 

Designation® Range, °C 

B 0 to 1820 Platinum-30% Rhodium ws. Platinum-6% Rhodium 
E ~—270 to 1000 Nickel-Chromium Alloy ws. Copper-Nickel Alloy 
J 210 to 1200 Tron ws. Copper-Nickel Alloy 

K ~§0 to 1767 Platinum-13% Rhodium ws. Platinum 

R ~§50 to 1767 Platinum-10% Rhodium ws. Platinum 


up to 2100 Tungsten-3% Rhenium vs. Tungsten-25% Rhenium 
in Argon, Hydrogen or Vacuum 


* The letter type designates the thermoelectric properties, not the precise chemical com- 
position. Thermocouples of a given type may have variations in composition as long as 


the resultant thermoelectric properties remain within the established limits of error. 


+ The negative thermoelement for Type ] thermocouple is a copper-nickel alloy known 
ambiguously as constantan, referring to anything from 45-60% copper content. 
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Measurement of Electrostatic Sensitivity 


This discussion of the measurement of electrostatic sensitivity was obtained to 
a large extent from Kirschenbaum’s article, who applied his finding mainly to the 
response of lead azide.” His conclusions apply, generally, to the interpretation of 
other electrostatic sensitivity data, Another study is that of Perkins." Wang et 
al’ compared static sensitivities of Ti, Zx/KCIO, systems. 


The usual method for measuring the minimum initiation energy of a material 
is to subject it to a single discharge from a standard capacitor. The capacitance or 
the voltage across the capacitor is reduced until no initiation occurs (see Chapter 
4 on the up-and-down method), The energy is the calculated as e = 0.5 CV? By 
this technique energy values varying by 8 orders of magnitude have been report- 
ed for a single substance when the data were obtained from different sources, 
each using different conditions or apparatus. 


‘The impedance of the capacitive circuit and the spark gap geometry affect the 
rate of energy delivery and thus the length of the spark. Also, the mechanism of 
initiation is impoxtant, whether it is an electronic process (as in primary explo~ 
sives) or one where the electrostatic energy must first degrade to thermal energy 
{as is typical for pyrotechnic mixtures). There are no standard electrostatic sensi- 
tivity tests. The tvo most common are fixed-gap method and the approaching 
electrode method. 


In the fixed-gap method, two electrodes are placed at a fixed distance, the elec 
trode configuration being a needle~plane, a sphere-plane, or parallel planes. The 
capacitor, having been charged to a known voltage, is discharged across a low 
imapedance switch. 


In the approaching-electrode method there is no switch. Initially, the gap is 
made too wide for a gaseous discharge to take place. The threshold for the gap 
breakdown is governed by Paschen’s Law which states that the breakdown volt- 
age is dependent on the product of the gas density and the distance between the 
electrodes. In aix, the breakdown voltage is about 300 V, 


A capacitor can discharge by an arc discharge or by a spark discharge, both of 
which may occur in a single event. An arc discharge is characterized by a low 
voltage drop across the gap (30-60 V) and high currents (0.3-0.5 A). A spark 
discharge is maintained by secondary emission of electrons from the cathode. 
The voltage drop is 300-400 V and the current is in the milliampere range. The 
eflect of the impedance of the circuit-gap system on initiation energy is to pro- 
duce a minimum initiation energy. This phenomenon was illustrated in a series 
of tests on lead azide” in which the storage capacitor was kept constant at 2800 
pF and by varying the RC time constant of the circuit from 0.1 us to 40 ms by 
increasing the series resistance from 1 © to 15 MO. The energy was shown to 
decrease from 8x10 ° J to a minimum of 6.5 x 10%] at about 1 ms and then to 
increase again to 1.4.x 10‘ Jas the RC time constant increased to 43 ms. Rather 
than giving ranges of values, the minimurn initiation energy should be cited. 
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For all pyrotechnic devices adequate closure and grounding is essential to min- 
mize the effect of static discharge. Material in a closed and conductive container 
is said to be in a Faraday cage, experiencing no charge effects. Fxtensive tabula 
tions of electrostatic hazard data are available. 
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Chapter 9 
Ignition 


And Samson went and caught three hundred foxes and took fire~ 
brands, and turned tail te tail, and put a frebrand in the midst 
between true tails. 

And when he had set the brands on fire, he let them go into the 
standing corn of the Philistines, and burnt up both the shocks, and 
aka the standing corn, with the vineyards and olives. 

JuDGES xv-4, 5 (ca. 1000 B.C.) 


We are not sure what improvements have taken place in recent years in the 
relationship between the Israelites and their neighbors, but we do know that 
effective ignition remains a current problem in pyrotechnics. In many ways, 
pyrotechnics has the edge over its sister disciplines in that it provides prime igni- 
tion ~ ze, the translation of a mechanical motion, an electrical signal, or a chem- 
ical action into fame or detonation; or conversely, turns a pyrotechnic event back 
into kinetic work. The association between fire and the sword has always been a 
close one, but pyrotechnic ignition more often serves a utilitarian or esthetic 
purpose. Ignition and its applications are of such diverse nature that they must be 
divided into several categories, which are treated in Chapters 9-14: 

Ignition Theories 

Antodxidation — Self-ignition ~ Hypergolicity 

Matches 

Primers and Ignition Mixtures 

Shock Initiation ~ Laser Ignition 


Ignition 

Initiation of pyrotechnic reactions continues to be a much-explored but little 
understood subject. Ignition requirements can only be estimated because so 
many factors entering into an understanding are obscured by the complexity of 
the chemistry of heterogeneous solid mixtures. Even so fundamental a process as 
ignition by spark (from a flame cartier or static discharge) has not been analyzed 
successfully. All that can be done at present is to examine the fundamental rela- 
tionships as an aid in correlating data. 

In contrast with pyrotechnics, the initiation requirements of explosives are 
quite well understood. Although the mechanism of explosive initiation is not 
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necessarily applicable to pyrotechnics, it is a useful first approximation. Chapter 
13 will discuss some pyrotechnic devices to which such principles have been suc- 
cessfully applied. 

Initiation of a pyrotechnic reaction is a wansient event. In thermal ignition, 
temperature is a function of both time and position. Therefore, a mathematical 
model requires the solution of nonlinear, partial differential equations. Such solu- 
tions are not available explicitly, and computers are used to calculate close 
approximations to the hypothesized model. As an illustration, a simplified model 
follows. 


Ignition at Constant Heat Flow 

Let the ignition process take place in a planar geometry, dependent only on 
thermal transport. Assume that the duration of the heat pulse is long compared 
with the time required for ignition. Also assume that reaction occurs to a negligi- 
ble extent during ignition so that it may be described by a zero-order rate law. 
All transport and thermal properties remain constant throughout the process. 
Finally, assume that the surface temperature is known and remains constant. The 
following is the general expression for heat transport in a solid during a chemical 
reaction? 


~£, 
ar_ TF , ¢ Q CH 
TD TE + (G)4 [9-1] 
YT = temperature, 


ce] 
Wl 


heat of reaction, cal/g 


C = heat capacity, cal/g °K 

£ == time, $ 

A, = pre-exponential factor, s' 

E, = activation energy, cal/mol 

R= gas constant, cal/mol °K 

a = thermal diffusivity, cm’/s 

p = density, g/em* 

A = thermal conductivity, cal/em s °K 
Subscripts: 

@ = starting 


‘Typical magnitudes for the variables are: 


O = 500-1000 cal/g 

A, = 10"-10%s? 

X= 0.2-0.002 cal/em s °K 
C = 04-0.3 cal/g Kk 

E, = 30-80 keal/mol 

e = 2-6 g/cm’ 
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Note that while constancy of the material properties is usually assumed, in 
reality abrupt changes in transport and kinetic parameters are observed on igni~ 
tion, Solutions to Equation 9-1 are therefore at best a guide to the understanding 
of the process and do not take the place of experimental measurements. 


Merzhanov and Averson'“ have shown that for this idealized case, the time 
required for ignition is: 


. ~E, 
“| RT | Cc ( - 
i [ E, (, OA RE, 19-2] 
Subseript: 
a = ignition 
ag == starting 


Usually, the surface temperature (J), as in convective heat transfer, is not 
known, and a characteristic temperature is chosen. One might select the ignition 
temperature obtained, for instance, by DTA. The ignition temperature of a 
pyrotechnic mixture is by no means a fixed value but depends on atmospheric 
pressure and composition, trace contaminants, particle size, stoichiometry, heat~ 
ing rate and heat losses. Yet, most thermal transport studies are not greatly 
dependent on the characteristic temperature. For this reason, an approximate 
ignition temperature produces results which are no worse than those obtained by 
more rigorous methods. For the case of an unknown surface temperature, 
Merzhanov recommends the following expression for the ignition time: 


coy ep oy fy, AREAL 1 (5 ary? 
4= 0.46 CpA(E—T) [acai | (a oa 


[9-3] 


where e dx j} 38 the heat flux (cal/cm’ s) across the surface and is assumed to be 
constant. 


Merzhanov and Averson™ define for the heat flux, a critical condition where 
ignition takes place when the heat gained by the surface equals the heat from the 
pyrotechnic reaction. For cases where no reaction occurs and for which the tem- 
perature is therefore maximum at the surface, the expression for the heat flux has 
the following appearance. 


[(4)] =k ae’) : [9-4] 


) 


where 2 = ( Ri 
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‘The width of the chemical reaction zone at the point of ignition is given by 


[9-5] 


where 7 = (2 ee ). 


‘This equation was first derived by Frank-Kamenetski™ for the thermal ignition 
of a homogeneous explosive. The ignition temperature (called the “critical rem~ 
perature” by Frank-Kamenetski) is therefore 
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[9-6] 


Ignition by a Point Source 


When the heat source is small (eg, a hot wire), one~dimensionality can no 
longer be assumed, and Equation 9-1 is then written with a cylindrical or spheri- 
cal coordinate system. 

However many special solutions for special ignition problems have been 
devised, there are really no good data for pyrotechnic systems which might be 
used to test the equations. Frank-Kamenetski expressions have been applied suc 
cessfully to explosive systems, and Merzhanov'® discusses data obtained on nitro~ 
cellulose. 


Dynaenic Ignition Pulse 


Whenever the heat source ceases before ignition commences, it is referred to as 
a dynamic ignition pulse. Exampl es of this are ignition by a squib or a laser pulse, 
by spark, by shock or by impact. Dynamic ignition ts the regime which is most 
typical of pyrotechnic ignition and at the same time, the one least understood. In 
these cases, the surface temperature drops after the heat pulse, ignition delay is 
increased, and the assumption of zero-order chemical reaction in the hot zone is 
no longer valid. Thermal transport phenomena then become so complex that the 
systern cannot, at present, be described by a simple model. 

One example | is the heating of a semitransparent substance by radiant energy 
flow (as in laser ignition). Merzhanov" gives an expression for the required en’ 
gy flux in terme of the absorption coefficient of the mixture. The general exper 
ence has been that, for pyrotechnic systems, the absorption coefficient and the 
activation energies are so high that the kinetic terms in the Frank-Kamenctski 
treatment dominate, making the Frank-Kamenetski analysis quite insensitive to 
small changes in property values. As long as the heating rates are high, ignition 
temperatures may be chosen arbitrarily (for instance, as determined by DTA), 

even though the ignition temperature in a dynamic ignition is higher than one 
would measure by the conventional auto-ignition temperature determination. 
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The difficulties in dynamic ignition may justify an empirical treatment. Con- 
sider the required enthalpy rise to assure ignition of the heated zone, as given by 
Uquation 9-5. Correlation of this heat with, eg, the enthalpy of sparks or the 
heat of a squib, will show the direction required in formulation or configuration 
of improved devices. Limited success has been reported for a similar approach to 
shock initiation (Chapter 13) and to hot spots analysis of explosives. 
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Primary Ignition 


Autodxidation ~ Self-Lenition 


‘The intriguing subject of primary ignition is in large part the study of a large 
and diverse group of suitable chemical substances. Self-ignition may, of course 
(as is the case with primary explosives), be triggered by heat, friction, or shock 
alone, or it may be brought about by the action of the environment, by moisture, 
air, or some other trigger. It is this latter group of materials which we shall stress 
first. 

The mechanism of autodxidation is always a complex one involving both mass 
transport of the reactant (air or moisture) and the kinetics of the chemical action 
which is accelerated, in. the absence of heat loss, until the ignition temperature is 
reached. The ignition temperature itself is not an intrinsic property of the sub- 
stance, but is a reflection of the processes occurring. Strictly speaking, any com- 
bustible substance could be made self-igniting if one were to heat it sufficiently, 
shock it hard enough, or grind it fine enough. The special interest of auto-igni- 
tion attaches itself generally to those substances which have this property at 
room temperature, and these are discussed here. 

The substance which most readily comes to mind is white phosphorus. 
Though not of great importance in pyrotechnics, historically it has played an 
important part in ignition systems. Tt may self-ignite in air at temperatures as 
low as 16° C if access to air is partially restricted by covering the surface with 
cotton, sulfur, resin, or charcoal”. White phosphorus is readily dissolved in car- 
bon disulfide, and the solution may then be used as an incendiary agent” The 
ignition may be retarded by diluting the carbon disulfide with a volatile bydro- 
carbon, 

Because of its case of ignition, white phosphorus is kept (and best manipulat- 
ed) under water. Tt may ignite in air by the friction caused when cut with a knife, 
and most assuredly, when dispersed by an explosive charge. Burning phosphorus, 
after being doused with water, will reignite spontancously after drying. This is 
also true of red phosphorus because during its burning some will volatilize and 
recondense in the white allotropic form. White phosphorus is toxic (see Chapter 


* This is the legendary “Fenian Fire” used by the Molly Maguires in their depredations 
connected with Pennsylvania labor disputes during the late nineteenth century. 
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11 on the history of matches), and contact with the skin while burning will pro- 
duce deep and painful lesions. The white fumes are phosphorus pentoxide and 
have found application as artificial fog (see Chapter 20 on Smoke), although now 
superseded for most applications. 

The spontaneous ignition of white phosphorus in air can be made more reli- 
able when an eutectic mixture (m.p. 40° C)} of 55% white phosphorus with 45% 
of phosphorus sesquisulfide (P,S,) is used”. Sulfur will also form such an eutectic 
(mp. ~ 7° C) but its ignition characteristics have not been reported. 

Phosphines, silanes, and boranes are the hydrides of their respective parent ele~ 
ments. Of these, the phosphines are of special interest because they can be pre- 
pared by reacting metallic phosphides with water: 


CaP, + 6 HO -> 3 Ca(OH), + 2 PH, 


The major product of the above reaction is diphosphine, P,H,, which is the 
active agent in the Marine Location Marker (night). A large amount of calcium 
carbide (CaC,) produces, on contact with water, acetylene, for which the calcium 
phosphide furnishes the ignition agent. 

Silanes, produced by the action of acids on metallic silicides, have not found 
practical application in pyrotechnics. Boranes have excited considerable interest 
as potential high-energy propellants, but to date they are not more than theoreti- 
cal candidates. Boranes were traditionally prepared from lithium borohydride. 
This author has synthesized diborane, B,H,, by the action of hydrogen chloride 
on boron carbide at 1000° C. A byproduct is chloroboranc, BH1,Cl, which makes 
the borane self-igniting in air, Diborane, upon pyrolysis, yields the higher 
boranes, namely tetraborane, pentaborane, and decaborane. These compounds 
can be readily alkylated to form liquids or reacted with amines to form solids 
which are somewhat more stable than their parent compounds. All react with 
water or alcohol, with which they form hydrogen, which becomes self-igniting. It 
is a memorable experience to see a vacuum line light up like a neon light just 
before the explosion. 

Phosphines, silanes, and boranes are highly toxic and inhibit liver function. A 
special word of caution is expressed regarding these and the compounds dis- 
cussed below, 

Sodium hydride, NaH,” is stable in dry air, but may ignite in moist air, Metal- 
lic sodium should be stored under a hydrocarbon, but never in a chlorinated 
hydrocarbon, with which it may react explosively. The classic example is the reae- 
tion of metallic sodium with chloroform, exploding with a bright flash: 


6 CHCI, + 6 Na 6 NaCl + 6 HCl + ©,CL, 


Similarly, potassium hydride has been reported to burn in air”, Beryllium, 
lithium, and aluminum borohydrides are also sporitancously flammable in air, as 
are the hydrides of uranium, cerium, and thorium®. Compounds of these metals 
with alkyl or aryl groups are spontaneously flammable in air, especially the 
methyl and ethyl compounds. Similarly active are alloys of the alkali metals with 
aluminum, zinc, and arsenic. 
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Beryllium and magnesium alkyls react not only with air and carbon dioxide, 
but also with water and carbon tetrachloride. However impractical metal alkyls 
may be for pyrotechnics, their potential use as fuel additives make them an inter- 
esting group of compounds. Table 10-1 is a tabulation of spontancously ignitable 
metal-organic compounds, updated using Douda’s report™. 

The reactive nature of the alkali metals, and the need to store them under 
hydrocarbons, has been briefly discussed. Lithium exhibits behavior in many 
ways more like the Group TI clement, magnesium, than like sodium, exhibiting 
the well-known phenomenon, which occurs among the lighter elements, of 
“diagonal relationships.” In this case, it is because a protective coating of lithium 
hydroxide builds up on its surface. This not only protects it from further attack, 
but even allows it to be used as an anode in an aqueous electrolytic cell provided 
that the electrolyte is alkaline. 

Sodium forms an eutectic with 77.2% potassium, melting at —12.3° C. This 
liquid alloy, perhaps because of its quickly renewing surface, ignites spontancous- 
ly, especially when dropped on the floor. Few of these clements can be considered 
suitable by themselves for pyrotechnic purposes on account of their tendency to 
self-ignite. Some are mentioned here for no other reason than to highlight the 
potential risks inherent when they are processed. 

Nickel can be converted into a sponge called Raney nickel, which is used as a 
catalyst in the hydrogenation of organic compounds. It is made by alloying nickel 
with aluminum and removing the aluminum by dissolving it with a caustic. The 
residual spongy nickel must be kept under water or a hydrocarbon because it 
bursts into flame when it is dry. Care must be taken not to blend this aqueous 
slurry with aluminum, because on drying, the mixture ignites through the highly 
exothermic formation of the intermetallic alloy nickel aluminide. Activated metal 
surfaces are of special interest for use in decoys, in which the metals are con- 
figured as thin foils", When nickel is deposited electrolytically on a mercury 
cathode, the amalgam appears to contain up to 24% nickel. When the mercury is 
distilled off, pyrophoric nickel is left behind. Nickel, iron, and cobalt can be ren- 
dered pyrophoric by first alloying with zinc, then distilling off the zinc. The rare 
earths and the actinides can be made pyrophoric by alloying. This means that 
iron alloys of mischmetal and of depleted uranium become pyrophoric fragment 
generators in certain incendiary ordnance devices when they are dispersed. It is 
preferable to use the term “pyrophoric” when ignition occurs on exposure to air, 
and to exclude those cases where the metal is merely a spark generator when 
abraded. Cerium, for example, is a prodigious producer of white-hot sparks when 
scratched, abraded, or struck with a hammer. 


Pyrophoricity 


The matter of pyrophoricity is of particular interest in the formation of sparks 
whether these be employed in commercial products such as cigarette lighters or 
in incendiary munitions. The classification of metals according to their tendency 
to spark profusely when ground, abraded, or fragmented has been much studied. 


65 


PYROTECHNICS 


‘Table 10-1. Spontaneously Ignitable Metal-Organic Compounds 


Compound m.p. 
(For references see (eC) 
bottom of Table} 


LiCH, ~ LiC.H, 


NaC.H,* 

K, Rb, Cs alkyls 

Be(C,H,), approx. ~13 

Ma(CH), 

Zn(CH,), -40 

Ca(CHy), 

BCH); —16L5 

B(C,H,), —93 

BCAA jg) 734 

BH,BrAs (d) 7 

(CjH3);B,H, (ad) 

B,H,Cl 142 

BE H WC (a) <125 

BICH,) ——) —93 

BH,Br,P () 

AKCHa); 15 
its ether complexes 30 


AUC,Hs), ~ AUCH); 


bp. 
eC) 


AG 


127 


122 
159 


46-1964 1944 
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Remarks 


burn with red flames 
buros with declining vigor as x 


(of C,) increases chain length 


increasing flammability with 
increasing atomic weight of 
metal 


sublimes 2 vacuo; flames in 


CO, 


higher alkyls are more active, 
explosive in water, glow in CO, 


burns with blue flame, higher 
alkyls less flammable 


ignites on, paper 


burns with green sooty flame 


alkyl boranes reduce the 
ignition temperature of jet fuel 


halogenated boranes generally 
burn spontancously in air 


decompose in air, 
flame with water 


Compound 

(For references see 

bottom of Table) 

AL (C,H JCL 
AKC,Hy)Cl  (e) 
ALCjH Br, (f) 
AKBH,); 
Ga(CH,); 


Ga(C3Hs), 


THCH,), 
PHAC,H)), 


HAs(CH,)(C,Hs) 
(H,C),As-As(CH,), 


Sb(C,H,), 
In(C,Hs), 
Tn(CH,), 
PLA, 
BKC,H)), 
Te(C,Hs), 
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mp. bp. 
ec) ec) 
22 194 
74 208 
4 166 
15.8 55.7 
~82.3 142.6 
38.5 
~14 to 128 
71 
6 165 
80.6-+ 
—32 144 
—88.4 136 


approx. 110 
138 


* Subseripts x, 9, 7 stand for integers, 1... 


References: 


a. JACS 1953, pp. 3902-10 


Remarks 


ignites at 76° C, explosive in air 
at room: temperature 

ignites in air with a 

purple flame 


explosive in air; paper soaked in 
phosphines flames when 
exposed to aur 


cacodyl, all arsenous 
compounds are extremely 
poisonous and malodorous. 


ignites on filter paper 


explodes on being heated in air 


toxic 


b. Acta Chem. Scand, Vol. 8, p. 1799 (1954) 
c. Chem. Rev., Vol. 42, (1942) 


a. f Chem. Phys, Vol. 8, p. 188 (1940) 


ce. Ann, Chim. (Rome), Vol. 48, pp. 193-7 (1958) 
€ Ethyl Corp, Bulletin, “Aluminum Alkyls,” Dec. 1958 
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Table 10-2, Empirical Pyrophoricity Determination 
Free Energyof Oxide Volume/ +Pyrophoric Fleetron 


Metal Oxide Formation Metal Volume >? Borderline Configuration 
kJ/mol/O atom —Not Pyrophoric 
U 535.9 3.16 + 6d1 751 
Th —586.6 1.36 + 6d2 752 
Zr ~S51L.6 1.55 a 4d2 552 
He $76.5 1.62 + Sd2 652 
Ce ~ 485.6 1.23 + 5d0 652 
La 640.6 Lit + Sd 652 
Pr ~ 620.5 1.12 +f 5d0 652 
Nad — 616.7 1.12 i 5d0 652 
Sm 431.2 1.06 + 5d0 652 
¥ —427.0 1.44 + Ad1 352 
Ti ~ 426.6 1.78 + 3d2 452 
Be ~ 582.0 297 + ~~ 252 
Al ~525.9 1.28 2 — 3pl 
Cr 272.1 3.92 ? 3d8 451 
Co ~ 216.5 2.10 2 3d7 4s2 
Pb 188.0 131 > Sd10 6p2 
Ni ~21L9 1.68 > 3d8 452 
Fe 245.3 2.06 ? 3d6 432 
Ma 363.0 2.07 ? 3d5 As2 
Ca — 604.6 0.83 3d0 452 
Me  —569.8 0.84 - —~ 392 
Sr —§60.2 0.69 _ — $52 
la ~ $96.2 0.60: 251 
Na ~ 376.8 0.32 _ ~~ 3st 
K 319.5 O51 - — 451 


Hillstrom'” examined the question of which metals would so ignite in air. He 
found empirically that the spontancous reactivity of the metal with air is related 
to the ratio of oxide volume to metal volume,” as well as the free energy of oxida- 
tion. The free energy of oxidation is the measure of the thermodynamic driving 
force while the high oxide volume is seen as the cause of “popcorning,” which is 
believed to be characteristic of pyrophoric metals. 

Some clements, such as aluminum, possess the desired properties but in fact 
fail to burn spontaneously, except as a sub-micron powder. Hardness as a criteri- 
en fer pyrophoricity has found application only in the study of the sparking 
characteristics of mischmetal and similar products. Hillstrom set the threshold 
for the free energy of formation at 400 k]/mol for cach oxygen atom, and found 
that the volume ratio of oxide to metal must exceed one. 


* An idea originally identified as the “Pilling-~Bedworth ratio.” 
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In borderline cases, the particle size and the surface conditions play a decisive 
réle. Table 10-2 lists the pyrophoric elements together with their relewant prop- 
ores. ‘Those which are borderline cases have been labeled with a question mark. 

In addition to the primary meaning of pyrophoricity as autoignition in air, a 

secondary one pertains to the production of spark s when the material is ground 
or abraded. The classic method of fire gene ration by the striking of flint on steel 
produces “cool” sparks which ray ignite certain carbonaceous solids (such as 
loose cotten or tow) but usually not liquids (such as diesel oil). 
Hotter sparks are produced by abrasion of the rare earth metals and of the 
ttinides. Table 10-2 shows the values of AG® for these and other clements, 
showing their correlation with observed pyrophoricity. In fact, the basis for 
spark~producing “flints” as used in pocket lighters is mischmetal, a naturally 
occurring mixture of lanthanides, consisting of 50% cerium, 25% lanthanum, 
16% neodyminm and smaller amounts of the ¢ other rare earth metals. Mischmetal 
is unstable in an, oxidizing very rapidly and progressively. ‘Therefore up to 30% of 
iron is alloyed with it, forming an eutectic composition, and imparting to the 
alloy ac Jesirable degree of moisture resistance and hardness, The rdle of hardness 
in both the sparking metal and the “striker” was also investigated by Hillstrom'” 
who did not, however, attain a significant insight into the problem. The more 
pyrophoric the metal, the less kinetic energy on impact is required for sparking. 

Earlier, it was mentioned that there is a sparking tendency in other alloys such 
as Zr-Sn and Zr-Pb. Other candidates, no doubt, exist. Very hot sparks are also 
obtained from uranium. Depleted uranium has been used as a pyrophoric spark 
generator for spotting rifle projectiles by adding 50% by weight to mixtures of 
potassium perchlorate, barium or ammonium nitrate, and magnalium. Kinetic 
energy penetrators were developed for the United Seates Air Force rapid-fire gun 
from uranium alloyed with 0.75% titanium’”. Low concentrations of titantum 
impart significant corrosion protection to uranium so that cladding is not 
required. Ignition of uranium fragments has also been investigated and the inter- 
ested reader is directed to Volume 10 of Fedoroff ef af.” Intermetallic com- 
pounds of uranium with bismuth, tin, and lead are also pyrophoric as fragments. 

Pytophoricity is of special interest in chaff as it is used in decoys. Tron foil can 
be activated’? much in the same manner as is Raney nickel (see Chapter 16), and 
many other elements can. similarly be made to sclf-heat when exposed to air, 
thereby generating an infrared signature. Pyrophoricity is sought } in meendiary 
munitions, the use of pyrophoric alloys, zirconium and titanium sponges, and 
depleted uranium has been recoramended for the formation of long-duration hot 
sparks which would be of value in the ignition of aircraft fuel. The advent of low 
vapor pressure aviation fuels and of supersonic aircraft has presented special 
problems in the destruction of targets which have not yet been solved with 
pyrotechnic devices. 

Depleted uranium is not used as a flame carrier, for reasons which may be 
political as much as anything else. The design characteristics, reaction modeling, 
target simulation, and thermodynamic parameters required for pyrophoric 
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fragment generators are exhaustively reviewed in an old study by the Denver 
Research Institute”. 

Intuitively one would associate pyrophoricity with the ability to act as a flame 
carrier, but to date no quantitative studies of this matter have been performed. 

A variant mechanism for the generation of pyrophoric fragments by impact is 
based on shock compression along the Hugoniot curve of the porous mixture”. 
Distended metals in the form of powders or sponge are considered to be of par- 
ticular pyrophoric value because the shock wave causes work to be performed on 
compaction, generating a persistent hot zone which is sufficient to ignite the 
rnixture (see Chapter 13). 

Table 10-2 lists the elements in approximately decreasing order of pyrophorici- 
ty, although evidently the ranking could be changed by differences in hardness, 
compaction, and the presence of contaminants. Temperature and surface area are 
additional variables of importance. Pyrophoric elements, as shown in Table 10-2, 
ate also characterized by largely unfilled d electron orbitals. Certain clernents 
spark particularly well when alloyed as cutectics in which the composition is rich 
in the pyrophoric clement. Pyrophoricity is lost when the alloying agent forms 
an intermetallic compound (i.e., alloys exothermically). Compounds lose elec- 
trons from the conduction band and the loss of pyrophoricity may be related to 
this. 

The sparks and the glitter seen in fireworks are caused by somewhat different 
phenomena. The éremalon or glitter effect is discussed in detail in Chapter 15, 

A quite separate matter from pyrophoric ignition is the ignition of dust, which 
can be the cause of spectacular explosions. The flammability of dusts varies great- 
ly with substance, particle size, and surface history of the dust. Common dust 
explosions in grain elevators, etc., are not directly an aspect of pyrotechnics, but a 
few remarks are not amiss because the phenomenon is very much an aspect of 
industrial safety also of concern to the pyrotechnics industry. There is a large 
body of specialized literature dealing with dust explosions. In some pyrotechnic 
operations, as in the Levold process for making black powder, or in the mixing of 
flash powder, one must be conscious of the tendency of powdered mixtures to 
pick up large electrostatic charges, requiring the mixing equipment to be ground- 
ed. No path for electrostatic conduction into and out of the mixture should exist. 
The need for strict humidity control has been emphasized. 

Dust explosions resemble gas explosions in the enormous force that both exert 
on structures, These explosions maintain their pressure for much longer periods 
than do those of high explosives (.¢., for many milliseconds instead of microsec- 
ends). With respect to dust explosions, this is true because the density of a 
dust/air mixture is much lower than that of a solid explosive. Whereas dust 
explosions are somewhat remote from the subject covered in this book, the haz- 
ards associated with the handling of metal powders are one source of danger 
associated with handling and preparation of pyrotechnic devices. Static electrical 
discharges, such as those caused by the handling of certain plastic films and bags, 
coupled with the discharge from ungrounded conductors or from ungrounded 
personnel, are known to have been the cause of many accidents. Use of such 
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paraphernalia as antistatic compounds, grounding straps, conducting table-tops, 
and conductive wrappings is familiar to the explosives mdustry and these should 
be considered worthwhile safety precautions when formulating pyrotechnic com- 
positions as well. 

Accidents involving flammable dusts frequently occur in two stages ~ an initial 
“blow” which disperses more material that may in turn ignite, either from the 
original flame or a static discharge. The danger may persist for some time, con- 
sidering that particles of 100 microns in size settle at about 0.5 cm/sec. Because 
of nondirectional turbulent flow of air in a room, fine particles (including metal 
powders) are readily dispersed during handling, 

It is difficult to rate combustible powders in terms of their hazard, because in 
addition to particle size, their surface condition plays an important réle, Anyone 
familiar with the handling of zirconium will know the passivating effect of stor- 
age in a humid atmosphere. Likewise, in the manufacture of black powder, the 
maintenance of an absolute humidity of 20,000 pprn of H,O in the air is a mini- 
mum safety measure, The relative humidity in a cold climate offers insufficient 
protection against static accurmulation. So does the abnormally low humidity of 
arid regions, where many manufacturers of — and testing facilities for — pyrotech- 
nic items are located, usually with the safety advantage of isolated location. 

Fuel-air explosions are an example of an ordnance technique, and like dust 
explosions are not truly pyrotechnic. A relatively large quantity of a hydrocarbon 
is explosively dispersed over a target, e.g, enemy troop concentrations, then to be 
initiated by a properly timed second event, thereby achieving both a hot flame 
front and a significant overpressure. lt seerns a good idea in theory, but has not 
been made to work reliably.” 


Hypergolicity: Self-igniting Fuel-Oxidizer Systems 


Many spontaneous or easily induced incandescent reactions occur with a fuel 
and oxidizers other than ai. For example: 


* Halogens and halogen compounds with fuels 

* Water activated systems 

° Liquid oxidizers and fuels 

* Spontancous reactivity of solid oxidizers with solid fuels 


Elemental halogens form a series with decreasing reactivity. In principle, the 
reactivity of fluorine is quite impressive, but its high vapor pressure and high 
reactivity have reduced it to a laboratory curiosity. Its compounds with oxygen, 
nitrogen, and chlorine have found application as oxidizers in rocket engines. ‘The 
only convenient solid source of fluorine is cobalt pentafluoride, but it is too reac 
tive to be considered in a pyrotechnic mixture. A mixture of Teflon, a polyfluori- 
nated polyethylene, with magnesium, is a popular deflagrating agent, but not an 
example of a self-igniting system. 

Chlorine, in chlorinated hydrocarbons, is said to be explosive when in contact 
with alkali metals”. Even triethylaluminum has been reported to explode when 
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mixed with carbon tetrachloride”. Solid oxganic chlorides, such as hex 
chloroethane in the presence of zinc, are of interest in pyrotechnic smokes (see 
Chapter 20). 

In ordnance design in general, highly reactive components of fuel-oxidizer sys- 
tems are a poor choice as long as a similar effect can be achieved with less active 
substances, One must consider not only the difficulties of handling such materi- 
als prior to loading, but also the consequences of leakage during storage of the 
finished item. 

Water may cause spontaneous ignition in some fucl-oxidizer systems without 
taking part in any chemical reaction at all. At standard temperature and pressure, 
aluminum powder mixed with iodine will not react until wetted with water. 
Magnesium powder when mixed with silver nitrate also bursts into flame upon 
moistening. ‘The water appears to act as an electrolytic conductor, An Italian 
patent” refers to a water-actuated incendiary mixture consisting of powdered 
magnestum, anhydrous copper sulfate, ammonium nitrate, and potassiam chlo- 
rate, The water permits the reduction of the copper by magnesium and the anion 
exchange reaction results in the formation of unstable ammonium chlorate. This 
patent claim is a good illustration of the danger of mixing chlorates with ammo- 
nium salts, particularly in the presence of a reducing agent. 

Self-ignition under the influence of moisture has another and more complex 
effect which has often plagucd fireworks manufacturers. In fireworks formule 
with chlorate and sulfur, the oxidation of the sulfur in the presence of moisture 
can lead to acidification of the mixture. In the absence of neutralizers, chlorine 
dioxide or chlorine and oxygen are evolved, which, in turn, act as strong oxidiz- 
ing agents. If the rate of the moisture diffusion is slow, nothing worse than the 
decay of the composition will result, but spontaneous ignition has been known to 
happen. 

Under ordinary conditions, alkali chlorates in combination with fuels do not 
ignite spontaneously. The chlorates of the alkaline earths and of heavy metals are 
less stable, and spontaneous ignition can occur quite readily with a number of 
fuels and in the presence of moisture. 

Potassium chlorate has caused deterioration when used commercially in such 
items as railroad fusees, due to double decomposition reactions with other salts. 
These examples show the relative instability of chlorate-containing systems when 
exposed to moisture. However, in matches where chlorate, sulfur, and organic 
binders are combined and exposed to the atmosphere, decomposition is virtually 
unknown. This shows that proper formulation with inclusion of acid-neutraliz- 
ing substances can successfully break the chain of undesirable oxidation-reduc- 
tron reactions. 

Fuming nitric acid has the ability to oxidize many organic compounds vigor- 
ously in an incandescent reaction. The reactions not only furnish heat and fire, 
but produce only gaseous reaction products and are therefore used in self-start- 
ing, “hypergolic” rocket propellant combinations. Inhibited red furning nitric acid 
(IRFINA) in combination with unsymmetrical dimethyl hydrazine (UDMH) is 
one example of a hypergolic couple. Several acid derivatives have very strong 
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oxidizing power and some of them have been tried as igniters for hydrocarbons 
in flame throwers. Examples of extremely reactive low-boiling substances are 
cen! fluoride, CrO,F,, chromyl nitrate, CrO,(NO,), perchloryl fluoride, 

CiO 5 as well as nitrosyl perchlorate. 

In contrast to these substances, which are not usually practical for pyrotechnic 
purposes, there are combinations which are noncorrosive and quite harmless in 
storage. For instance, a mixture of potassium chlorate and sugar can be initiated 
with a drop of concentrated sulfuric acid, 

The oxidative power of permanganates surpasses that of chlorates in some 
respects. Glycerine brought together with dry crystals of potassium perman- 
ganate bursts into flame a few seconds or minutes after contact. On the other 
hand, a more reactive and less viscous organic fluid such as dimethyl sulfoxide 
(DM 50) flashes instantaneously when dropped onto finely powdered potassium 
permanganate. ‘This is a hitherto unadvertised use of DMSO. Potassium per- 
manganate is, due to its unusual reactivity, an interesting material, although 
unsuitable for industrial pyrotechnic applicatior 1S. 

One combination of two solids exists in which a flaming or even. explosive 
reaction may take place by merely pushing the powders toward cach other or 
upon exertion of very slight pressure. The two materials are red phosphorus and 
potassium chlorate. A demonstration of their reactivity should be performed only 
with a few milligrams of each cornponent. Disasters have heen recorded when 
high school students have appropriated and mixed these two chemicals together; 
controlling their availability at the same time to inexperienced persons is an 
essential safety precaution. 

Nevertheless, this reaction is one of the most interesting and most useful solid 
reactions, having been tamed in the raodern safety match, which is discussed in 
the next chapter. Red phosphorus and potassium chlorate can be mixed in com- 
parative safety when both reactants are thoroughly moistened before they come 
inte contact. Small amounts of such a mixture, combined with an aqueous binder 
solution, form the explosive composition of toy caps. If alcohol or ether is used as 
the vehicle, it is possible to load larger amounts of the mixture into specially 
designed containers that allow the liquid to evaporate. A variation of this item 
has been, proposed as an anti-infiltration device, causing flash and sound, but no 
injury. Larger charges would make formidable antipersonnel mines because a 
slight pressure will explode the devices, 


Chapter rr 


Matches 


The common match must surely be one of the great conveniences of our civi- 
lization. Its development spans several centuries, and at each stage the solution of 
the technical problems presents interesting lessons. Passing over the long history 
of fire sticks, punk, and flint and steel, the story proper begins in 1674 with the 
discovery of white phosphorus by Brand who distilled the dried residue of urine 
with. charcoal in a retort. The Honble. Robert Boyle used the condensate from 
this process (white phosphorus) to ignite sulfur-tipped wood splints. 

Between 1780 and 1830, numerous contrivances approaching the individual 
match concept were introduced, but not without acrimonious claims and coun- 
terclaims regarding their priority. Pyrotechnic friction matches, from about 1835, 
were called “Congreves” in Britain, after the inventor of the famed military rock- 
et. These contained as much as 20% white phosphorus. By reducing the phos- 
phorus content to about 5%, and by adjusting the other ingredients such as sul- 
fur, rosin, potassium chlorate, and binders, the quality of these matches was 
greatly improved, No basic change in formulation had taken place by the time 
the phosphorus match declined in use toward the end of the 19th century, except 
that the sulfur in the splint with its pungent burning odor was replaced first by 
beeswax and finally by paraffin wax. 

The poisonous qualities of white phosphorus became apparent only rarely in 
ordinary customer use, when the tips of matches were chewed by children. How- 
ever, workers exposed during the manufacture of the matches to the fumes of 
white phosphorus (which entered the body mainly through defective teeth) were 
subjected to an incurable destruction of the jaw bones, the so-called phosphorus 
necrosis or “phossy jaw.” This condition was perhaps the first occupational illness 
to be diagnosed as such, With the growth of awareness of its social costs, all civi- 
lized countries either prohibited the use of white phosphorus in matches or taxed 
the matches out of existence. 

While it was possible to make a match that ignited by friction on any surface 
without the use of white phosphorus, none could equal the ease of handling of 
the phosphorus match. "The problem was finally solved satisfactorily by an inven- 
tion made by two French chemists, Henri Sévéne and Emile David Cahen. The 
United States patent was acquired by the Diamond Match Company in 1900 
and offered to other companies for the production of safe, nonpoisonous “strike 
anywhere” (SAW) matches. The significant ingredient was the nontoxic 
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tetraphosphorus trisulfide (P,8,), customarily called “sesquisulfide” in the trade, 
and made by fusing P and S in the absence of O,. There are both single tip heads 
(in Europe) and double-tipped heads (in the United States) which are described 
below. 

‘The most important type of match is the one utilizing potassium chlorate (dis- 
covered by Berthollet,* cz. 1786, who prepared the chlorate by the action of chlo- 
rine on potassium hydroxide). What might be called the first two-component 
pyrochemical fire-making device was based on the property of chlorates to pro- 
duce flame in the presence of a fuel when moistened with strong sulfuric acid. 
Chancel’s instantaneous light box or 4riguet oxygéné (1805) consisted of a match 
tip of potassium chlorate, sulfur, binder, and other ingredients on a wooden 
splint. Pressed against asbestos saturated with concentrated sulfuric acid, carried 
in a glass vial, this device furnished a flame, often accompanied by sputtering and 
spraying of acid, which rendered its use unsafe. However, the mvention in one 
form or another stayed popular for many years. A variant of this ty pe, the inven- 
tion of Samuel Jones (1828), is described below by Charles Darwin’ recounting 
his visit to a Brazilian plantation in July 1832 during the carly months of his 
famous circurmmavigation of the world: 


I carried with me some “promethean” matches, which I ignited 
by biting; it was thought so wonderful that a man should strike 
fire with his teeth that it was usual to collect the whole family to 
see it: ] was once offered a dollar for a single one. 


The match described consisted, according to other sources of information, of a 
small glass ampoule containing diluted, blue-colored sulfuric acid and coated 
with a sugar/ch chlorate/binder mixture. The whole was wrapped conrpactly into an 
eight-centimetes long piece of paper. For the less courageous, breaking the vial 
with pliers was recommended and these were sometimes furnished with a kit. 
The lengthy and complex history of the match was recently described in detail by 
5S. Johansson, 

‘The true friction match — the immediate precursor to the safety match ~ was 
the mvention of John Walker of England, ca. 1826. Tt contained potassium chlo- 
rate and antimony sulfide and could be ignited with some skill between the fold 
in a piece of abrasive “glass paper”. More sensitive “lucifers” or “locofecoes” fol- 
lowed, which contained sulfur in addition. The modern safety match came about 
only with the addition of red phosphorus. By leaving the chiorate in the match- 
head and placing the phosphorus on the friction surface, Pasch in Sweden (1844) 
provided a concept which eliminated most of the hazards of the carlier matches. 
‘The United States was slow in accepting the safety match. The big kitchen 
match, which could be taken out of the pocket and struck with one hand on the 

Claude Louis Bertholler (1748-1822) must not be mistaken for another important 
French chemist, Marcellin Pierre Eugene Berthelot (1827-1907). Both were interested 
in gunpowder and explosives, which acds to the possibility of confusion. 

+ “Locofeco” acquired a political connotation at this period, being applied to the more 
extreme adherents of the Democratic party. 
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shoe sole or any other hard surface, was more suited to the American tempera- 
ment. The final chapter in the history of the safety match was the invention of 
the paper match, now called the book-match, by Joshua Pusey (1892). Somewhat 
more difficult to handle than the wood stick match, these inexpensive, advertise- 
ment-carrying matches gained only gradual acceptance, but they now dominate 
the American match indusery. 

At or near the peak of American match production in 1958,” forty billion 
matches were produced annually, three-quarters of which were the cardboard 
variety. By the 1970s, inroads made by the disposable lighter were considerable; 
however, the match industry remains the largest producer of a pyrotechnic prod- 
uct. ‘Phe economic value of fireworks and other civilian items, such as railway or 
highway signals, is only a small fraction of the amount spent on matches. 
Because of their highly mechanized, high-speed manufacturing methods, and 
the support of advertising, book matches are the cheapest and most popular form 
of fame producers in the country. 


Manufacturing Procedures 


Book matches are punched from 0.038-inch thick, lined chipboard in strips of 
one hundred splints, each having a 0.125-inch width. A single machine can pro- 
duce twenty million match splints in one eight-hour shift. It requires only half an 
hour to convert raw chipboard into completed, strikable matches, ready for cut- 
ting and stapling into “books.” In this half hour, the tips of the punched-out 
splints are first inamersed in moleen paraffin wax, in order to produce a persistent 
flame and make fire transfer possible. The tip composition is subsequently 
applied by dipping the ends of the strips into a thick but smooth fluid suspension 
carried on a cylinder rotating in a tank at the same speed as the match strips 
move. While an evenly rounded match tip is formed, cold air is blown against 
the matches, which then enter a dryer. There, however, the main object is not so 
much the speedy removal of the water in the match composition as it is the con- 
gealing of the matchhead, which takes place quickly at a relative humidity of 
45-55%. 

The matchbook cover is equipped with a striking strip, applied by a roller- 
coating process using a slurry of a composition described below. The cover may 
be previously printed with the advertising message. 

Wooden matches can be made by the veneering method whereby aspen wood 
is peeled off a section of a log and cut into splints having a square cre ction of 
0.2 to 0.35 cm, depending on the length of the match. The alternate method 
consists of cutting rows of round splints from selected blocks of white pine by 
means of individual dies that resemble a large darning needle, of which the eye is 
the cotter. 

A third type of commercial match popular in Latin countries is the veda with 
a center of cotton threads, or a rolled and compressed thin and tough paper, sur~ 
rounded by, and impregnated with, wax, each match being in effect a miniature 
candle of long burning time (about a minute). 
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‘Two processes precede the affixing of the matchheads on wood or paper 
splints. The first one is glow~proofing of the splint by impregnation with am- 
monium phosphate or a mixture of this salt with boric acid. In paper matches, 
the impregnation is conveniently done during the fabrication of the paper. This 
suppresses continuation of glowing of the carbonized splint after it is discarded, 
and prevents the burned part with its hoe tip from falling off and singeing cloth- 
ing. The second impregnation is the soaking of paraffin wax into the stem for a 
certain length to assure flame forming and fire transfer to the wood. Head for- 
mation is similar to the process described for book matches, except that for SAW 
matches, a second smaller tip is affixed to the larger bulb. The rollers in the dip- 
ping tank over which the splints travel are grooved for the SAW tip. The same 
equipment can be used for safety matches simply by leaving out the second dip- 
ping. Immersion of the tips in diluted formaldehyde solution “tans” gelatine- 
based binders (such as animal glue) and hence aids congealing and facilitates 
subsequent proper drying of the matchhead. 


Non-Standard and Military Matches 


Because match manufacturing is a series of high-speed, highly mechanized 
operations, any variation that involves dimensional or procedural changes is a 
major undertaking warranted only if a continuous, high-volume production is 
forthcoming. ‘Thus, a customer may be accommodated, for a price, if he desires 
an unusual shade of color for the tp or striking strip. However, major variations 
in the formule and, especially, in the sive of the heads, cannot be tolerated. 
Hence, specialties, which occasionally appear on the market, must be classed as 
toy fireworks or special production items, made laboriously and at relatively high 
cost by hand-dipping. Such matches produce a colored flame (Bengal matches), 
give off perfume or fumigating vapors, explode, or furnish a persistent glow or 
flame for the purpose of burning in strong draft. In order to do these things 
effectively, an cnlarged elongated bulb is generally used. 

Matches burning with a colored flame are popular in Germany as miniature 
fireworks, A high content of gas-forming fuels and especially a sraall amount of 
phosphorus sesquisu lfide makes matches wind-resistant. If, on the other hand, 
no visible flame is desired, as might be the case in a military operation at night, a 
flameless match can be formulated to burn with a strong glow front along an 

elongated bulky matchhead. Addition of powdered charcoal with other proper 
adjustments will produce this effect. Such a match would be commercially unac- 
ceptable because of the fire hazard, but is excellent for igniting safety fuse. 

An mteresting variation of the regular match is the “pull-match”. It is a paper 
roatch, considerably thinner and narrower than the regular book match, since it 
needs very little stiffness when being used. The tip part of the match is enclosed 
in a strip of corrugated paper glued to a flat cardboard (such as a box of ciga- 
rettes) and the inside of the corrugated board is covered with striking material, 
On pulling the match fast enough out of the corrugation, the tip passes and 
engages the striker and ignites. 
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A variation of the pull-match is the commercial pull-wire fuse lighter. A simi- 
lar article has the military designation M1 Friction-Type Fuse Lighter; in. this, 
the réles of the striker and match are reversed. The match mixture is located in a 
metal cup, and a length of wire, corrugated and covered with striking mixture 
near the end, is threaded through a hole in the cup, with a loop for pulling the 
wire through it. The match cup is enclosed in a length of stiff paper tubing for 
the insertion of a delay fuse, held in fixed position in the tube by a metal ferrule 
with sharp protrusions. On removal of the wire with a sharp pull, this cheap 
device will fairly reliably produce a spit of flame to ignite the fuse tain’. 

Years ago, the “repeatedly ignitable” match aroused interest because of exagger~ 
ated claims for its performance, based on the patents by Rezsd Kénig and Zoltan 
Féldi and numerous followers”. 

Tt was a small pencil-like vod, the central part of which was a safety-match 
composition, while the outer layer consisted of a slow and cool-burning mixture 
the effective ingredient of which was metaldehyde (sometimes combined with 
other volatile organic substances). ‘These remain expensive chemicals to burn as 
flame-formers in lieu of paper, wood, or paraffin; in addition, they evaporate on 
storage. Repeated striking of a previously used match fouls the striking strip, and 
ignition becomes progressively more difficult. 

"The existence of a primary ignition device that can be blown out and reignited 
is a remarkable curiosity for the collector of odd pyrotechnical knowledge, but 
otherwise is scarcely competitive with normal match production. 

Match buttons, ignited by hand with a striker such as the one on the wooden 
top of a railroad fusee, or on a separate strip under the lid, as in the M1 fire 
starter, are formulated simply according to MIL-STD-585 and the striker 
according to MIL-STD-537, though fusee manufacturers also use other propri- 
etary formule. ‘The aim of this system is to produce a hot and relatively slow and 
intense flame, affording transfer of fire to the substrate in which the match but- 
ton is embedded. The cornpositions sometimes contain a non-hydrophilic binder 
such as shellac or nitrocellulose. 

In order to understand the chemistry and formulation of the safety match, it 
should be emphasized that the reaction between potassium chlorate and red 
phosphorus, which is the basis of its function, is extremely hazardous and unpre- 
dictable. Their separation in match tip and striking strip is, therefore, not only a 
brilltant piece of inventive creation, but requires preat ingenuity to strike a bal- 
ance between effective action and safe action. The next point to consider is that 
the primary ignition must be controlled and followed by orderly progression of a 
flame, and that any kind of flashing or dropping of glowing particles must be 
avoided. This latter task falls to the various siliceous ingredients in the match- 
head, which form a sintered residue containing all the nonvolatile residues from 
the reaction. Similarly, the phosphorus in the striker must be prevented from 
burning off or causing a shower of sparks. Choosing the proper grade of binder 
and its correct ratio to the phosphorus accomplishes this. Since case of ignition, 
spark forming, and excessive wear of the striking strip all go together — while a 
more adhesive or stronger grade of binder dee s wear and tear, desensitizing 
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‘able 11-1. Compositions for Commercial Matches 


1 re 3 3 

Animal (hide) glue GAL im ii py 
Starch 2-3 ~ 4 5 
Sulfur 3-5 § ~ 6 
Potassium chlorate 45-55 Si 32 37 
Neutralizer (ZnO, CaCO.) 3 7 6 1 
Lhatomaceous earth 5-6 > - 3 
Powdered glass, silica 15-32 15 33 215 
Burning rate catalysts 

(K,Cr,O, or PbS,O.) fo suit 1 ~ 3 
Water-soluble dye to suit ~ ~ - 
Black iron oxide (Fe,O,) ~ 6 - - 
Manganese dioxide ~ 4 - - 
Parafhin > ~ - 2 
Phosphorus sesquisulfide ~ ~ 10 3 
Rosm - ~ 4 6 
Dammar gum - ~ ~ 3 


* Given by Shidlovskii"’ as an European safety match composition. 

+ Tip composition for SAW match composition. 

§ Base composition for SAW match, laden with combustibles for strong billowing 
flame but of low friction sensitivity. 


the act of ignition — head and striker formulas must not only be precise in them- 
selves but matched in behavior. The addition of finely powdered glass contributes 
to the resistance toward “striking through” and burning off the striking strip. 


A similar but far more complex rdle is played by the binder in the matchhead. 
The gluc must be strong enough to permit easy abrasion, which precedes igni- 
tion. The amount of glue to be used is constrained by its pyrochemical function 
as fuel; while the match is overladen with fuel with respect to oxidizer, a further 
excess of fuel beyond a certain limit would prevent the tip from Aaming altogeth- 
er, and the smoldering bulb would not reach the fame point of the wax in the 
stem. The match tip would simply fizzle out. 


In modern high-speed match production, the type of binder in the matchhead 
is limited to one kind and to few grades of it. High-grade animal-hide gluc, with 
the capability of quickly forming a reversible gel on cooling below 30° C from its 
more concentrated solutions, causes the other components to remain fixed in 
place once the dipping process is complete. Should the binder instead have a 
chance to form a “skin? in the top layer of the bulb, as happens with high molec- 
ular weight organic colloids in aqueous solution, the resulting “case-hardening” 
will convert the matchhead into a miniature bomb — the chlorate/sulfur/binder 
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mixture will burn explosively under the slightest confinement. Before tempera- 
ture and humidity control of match drying equipment came into general use, the 
unintentional explosion of a match was no rarity. This was not necessarily the 
result of faulty formulation, but mostly attributable to hot and humid conditions 
during manufacture, when the congealing of the matchhead at the start of the 
drying process was delayed or never took place. 

‘Te continue with the specific functions of the chemical ingredients in matches, 
we consider next the two functions of the sulfur in the head formula: it acts as an 
easily ignitable and hence somewhat sensitizing fuel and flame-former, and its 
combustion product is the pungent, bur harmless and not nauseating, sulfur 
dioxide which masks the much more unpleasant odor of burning gluc. Thus it is 
a “perfume” of sorts; its place can also be taken by powdered rosin. Table 11-1 
lustrates a variety of compositions representative of those in current use. 

Both matchhead and seriker formule contain an insoluble but acid-neutraliz- 
ing salt such as calcium carbonate @whiting, ground limestone}. This functions to 
abort any tendency toward destructive oxidation of sulfur in the head or of red 
phosphorus in the striker. The latter process can be greatly accelerated by the 
catalytic influence of certain heavy metals, especially copper. In the past, this 
phenomenon has led to baffling destruction of the striking strip when copper 
bronze powder was used in the decorative artwork on the cc of matchbooks. 

Apart from the noted exceptions, it can be said that both matchhead and strik- 
er are of practically limitless stability even under highly diverse conditions of 
storage. Dr. Ellern reports that he kept hook matches without special protection 
under midwestern climatic conditions for more than 40 years. These remained in 
perfect condition except for some deterioration of the cardboard. 

The least understood component of the matchhead formula is potassium 
dichrornate ~ once generously present in many formula” 7", Tp controls the 
burning rate and facilitates ignition following the “prime” reaction between chlo- 
rate and phosphorus: even minute percentages exert a noticeable influence. Tt can 
be replaced by lead compounds (such as lead thiosulfate) and, in general, by com- 
pounds that furnish fincly-divided oxides of metals that can occur in several 
valence states. This parallels the influence of similar compounds in lowering the 
decomposition temperature of molten chlorates, and these additives can be 
referred to as “catalysts” even though their precise functioning is obscure. 

Table 11-2 lists striker or “friction” formule for commercial safety matches. 
Nowadays, the binder is always rendered insoluble after application either by a 
special hardening process”, formaldehyde treatment, or the use of a casein solu- 
tion in ammonia. This prevents the staining formerly experienced when match- 
books were carried in shirt pockets and subjected to perspiration or exposed to 
rain. The striking strip can also be made with hydrophobic binders such as nitro- 
cellulose or various plastic ernulsions, but the quality of these moisture-resistant 
strikers is generally inferior, as are all special formulas designed to make the 
striking strip adhere to foil, plastic, metal, or other impervious surfaces. 

The color of the striker may be varied by omitting carbon black or charcoal, 
and tinting or lightening it with various pigments such as water-dispersable 
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‘Table 11-2. Safety Match Striker Compositions 


1 o 3 
Animal glue ~ 16 9.3 
Dextrin 20 ~ 70 
Red phosphorus 50 50 37.2 
Antimony sulfide ~ - 335 
Iron oxide (Fe,O,) - - 7.0 
Manganese dioxide ~ - 3.4 
Calcnum carbonate ~ 5 20 
Powdered glass 30 25 0.6 
Carbon black “ 4 - 


Shidlovski?™. 
} Casein and animal glue plus hardener of U.S. Patent 2,722,484, 


titanium dioxide, hydrated iron oxide, etc. Even bolder colors are possible but not 
practical. 

The typical European match, because of its use of dark oxide pigments, leaves 
no chance for esthetic variety, but there are brightly colored matches outside the 
United States; matches from the far East now often appear in delicate pastel col- 
ors or white. 

Antimony sulfide in match or striker formulas is shunned in the United States. 
It is (or was) a strategic and critical material, as well as being fairly expensive and 
tending to settle out because of its high specific gravity. It can partly replace red 
phosphorus because of its low ignition temperature and its reactivity with 
chlorates. 

Table 11-1 contains two typical compositions for SAW matches, but each ful- 
fills a completely different function: the tip, which is casily ignited by rubbing 
over any solid surface, and also by scratching, stabbing, and (less reliably) break~ 
ing up (crushing), contains a rather large amount of phosphorous sesquisulfide. 
This is the easily ignitable agent on the tip. The bulb or base is laden with fuels 
that provide a billowing flame, and (with the addition of some sesquisulfide) 
becomes the major contributor to the moderate wind resistance of this type of 
match. If blown out immediately after ignition, a well made SAW match should 
“come back” with full flarne once or twice. The chlorate content of the base is 
deliberately kept low in order to desensitize the bulb: since the large SAW 
matches are packed several hundred to a box with half of the heads at each end, 
touching each other, a large heavy impulse can cause a sizeable amount of fric- 
tion which might be sufficient to ignite a high chlorate formula of this type. 


Properties of Matches: Mechanism of Performance 


The act of striking a safety match consists of bringing matchhead and striking 
strip into intimate contact by rubbing so that reaction between chlorate and 
phosphorus can occur. It is open to argument whether mechanical action creates 


Sr 


PYROTECHNICS 


a minute “hot spot” from which the reaction spreads, or ignition takes place 
through intimate contact of chlorate and phosphorus. When one rubs a match 
very lightly over the striker in complete darkness, greenish sparks of burning 
phosphorus can be observed. Such mechanical force would appear to be stronger 
than necessary to break through the surrounding glue layers. Normal, stronger 
rubbing permits the tiny flash from the chlorate/ phosphorus reaction to ignite 
the glue/sulfur/chlorate system, aided by the catalytic influences of the heavy- 
metal additives, viz, dichromate, lead thiosulfate (in some American matches), 
and manganese dioxide and others in European matches. 


Safety Aspects 


Safety matches can be set off by impact or strong friction. This in no way 
detracts from the safety aspect since it takes great skill to ignite a safety match in 
the absence of a phosphorus striker. Such ignition can be achieved by rubbing 
the match over a glass plate or a piece of fairly smooth and dense cardboard with 
just the proper pressure to create enough heat to ignite the match mixture by 
friction but without breaking up the fragile match rip. A blow with a hammer 
will explode a safety match, and sulfuric acid will ignite it like other fuel/chlorate 
mixtures as discussed in the preceding chapter. 

On the other hand, considering that the safety match tip mixture has both 
explosive and primary ignition characteristics, matches in normal confinement 
{as in a matchbook) arc extremely safe. Experiments have been performed in 
which matches in regular cardboard shipping cases were ignited by setting off 
electrically a single match book in the standard carton of 50 books, 50 cartons to 
the case. In every instance, the flash from the ignited book spread only to the 
other books in the same small carton and often only to a few of these books! 
There is not enough oxygen present to propagate their initial fire, nor does the 
heat from all the matchheads amount to much in relation to the large mass of the 
paper. It is, however, different when cut-off matchheads are accumulated and set 
off in tight confinement, as many deplorable accidents involving young rock- 
eteers have shown. 

The question of heat output and flame temperature of a single matchhead is 
sometimes raised. A single matchhead, without involvement of paraffin and 
paper, should furnish about 14 calories. This heat is only one-tenth or less the 
heat of the burning paraffin, not including the paper. The flame temperature 
ranges from 1350° to 1930° C*, 

Claims concerning matches “going off” or “blowing up” spontancously can 
generally be attributed to violent striking, ignition of a cracked bulb, or careless 
handling of the lit match leading to ignition of the whole book. Also, if more 
than one single book is carried in one pocket, interlocking may increase the risk 
of accidental ignition. 

Generally, matches, when heated in an oven, ignite spontaneously at 180° 
200° C. Strike-anywhere matches ignite under the same conditions at about 
120° C: higher than the self-ignition temperature of phosphorus sesquisultide at 
about 100° C. 
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"Toxicity 

Small children are inveterate explorers of all objects within their reach and, 
apparently, the slightly bitter and salty taste of matchheads is no deterrent to 
chewing and sucking. The toxicity of matches thus becomes a frequent subject of 
concern to parents and medical practitioners. While potassium chlorate may 
cause disturbances if ingested in large quantities, the amount contained in one 
match is very small (about 9 mg) and the amount a small child can suck out of 
one — or even a few books ~ should be below a toxic limit. Osol and Farrar, as 
reported by Ellern”, give 1 g as the maximum therapeutic (ie. nontoxic) dose of 
potassium chlorate for an adult. The other ingredients are either harmless or pre- 
sent in such minute quantities that they can be regarded as such. Therefore, 
while safety matches cannot be recommended as part of a steady diet for infants, 
anxious parents need not be unduly disturbed if they find their child chewing up 
a book. 

Since most laymen do not realize that two major kinds (allotropes) of phos- 
phorus exist, the word “phosphorus” may evoke the spectre of phosphorus poi- 
soning where there is actually no need for concern. It is generally agreed that red 
phosphorus is nonpoisonous, though with the qualification “when pure.” People 
have handled red phosphorus daily for decades in preparing striking mixtures 
without any ill effects, even though no special precautions as to contact with it 
were taken. 


Humidity Resistance 


During World War II the requirement arose for matches which would be 
ignitable after submersion in water for six hours. This desideratum was fulfilled 
by partially coating kitchen matches with a nitrocelhulose lacquer of proper 
thickness and flow characteristics so that the coating was reasonably uniform and 
did not accumulate near the tip, which could make the striking difficult or explo- 
sive. Dr. Ellern had no difficulty in producing his formula WM-49, which was 
an underplasticized NC solution with added cellulose acetate- butyrate to arrest 
back-flow (because of its gelling properties). Millions of matches characterized 
by a deep green color in the lacquer were then manufactured. They could with 
stand water immersion at ambient feriperatares for as long as ten hours. 

Actually, matchtips cannot be made highly humidity-resistant in themselves 
because of the eventual breakdown of the water-soluble ‘chlorate, the softening of 
the glue under prolonged extreme humidity, and the relatively small amount of 
binder in a matchhead formula. Safety matches can be made to withstand a lim- 
ited exposure to extreme conditions. The military test (PE-M-101H, Oct. 31, 
1964) consists in exposing the matchbooks in a strictly specified manner over 
water at 40° C for 8 hours. It is not practical to coat safety matches with a lac- 
quer because of difficulty in striking, which increases with the effectiveness of the 
coating. A heat-sealed envelope will protect a book or box of matches from 
moisture. During prolonged storage this is simple and effective, though some- 
what costly. 
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Because the SAW tip is vulnerable to prolonged exposure owing to the 
sesquisulfide content, the conclusion seems inevitable that where a certain water- 
vapor transmission exists, no matter how small, and where the exposure fhictu- 
ates, the “better” protection is one with a thinner lacquer layer which will pro 
mote more rapid equilibration with the environment. This is no more than a 
general recommendation. Only an analysis of the effects of moisture, time, peri- 
odicity, and temperature extremes on performance can aid in deciding the best 
enethod of protection. 
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Chapter 12 
Primers and Ignition Mixtures 


The use of primers as a means of initiating a pyrotechnic event came about 
only during the nineteenth century. Before that, initiation was by open flame, 
spark (as in a wheel- or flintlock), or a fuse train, Black powder was the universal 
flame carrier, propellant, explosive and hence, the mainstay of pyrotechnics. A 
primer will generate fire when struck mechanically, heated, shocked, or stimular- 
ed electrically. Impact-sensitive materials became known quite early, primarily 
the fulminating compounds of silver and gold. Mercury fulminate was apparently 
known to Johann Kunckel von Loéwenstern (1630- 1703), but was forgotten and 
rediscovered by Edward Howard at the beginning of the nineteenth century”. It 
was widely used as a primary explosive until gradually supplanted by lead styph- 
nate and lead azide in the mid-twentieth century”. Compounds of this class are 
called primary explosives, and their use represents a technology in which explo- 
sives and pyrotechnics overlap. The interested reader may wish to pursue the 
subject further” than is feasible in this book. 

Among the first modern primers were those of the Revd. Alexander Forsyth, 
the sporting parson of Belhelvie, Scotland. His patent of 1807 mentioned both 
mixtures based on mercury fulminate and those based on potassium chlorate in 
combination with sulfur, charcoal, and other fuels. 

The terms “primer” and “detonator” are by no means interchangeable, in that a 
primer serves to initiate a burning or deflagrating process whereas a detonator 
generates a shock sufficient to initiate a high explosive. Primers which initiate 
from a mechanical action are classified as percussion primers, stab primers, and 
friction primers. In pyrotechnics, the output of a primer serves to ignite an igni- 
tron muxture, 


Percussion Primers 


A percussion primer typically consists of a primer cup which contains the 
primer composition, an anvil against which the crushing or grinding action takes 
place, and sometimes a sealing closure. Although the cup is indented on firing, it 
is not perforated and so continues to function as a gas seal. The confinement of 
the gases not only increases the efficiency of fire transfer but aids in reproducing 
the desired delay time of sealed pyrotechnic devices which must function inde- 
pendently of ambient conditions. 
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A percussion primer produ 6 a deflagration with hot parties, flame, and 
gases. The performance is measured in terms of closed bomb data from which 
pressure, rise-time, and volume of ¢ gaseous products are obtained’. With the 
appropriate equipment, variations in primer output within production lots and 
production runs can be measured. Present priming compositions can best be 
divided into corrosive and non-corrosive formulations. The corrosive type invati- 
ably contains potassium chlorate, whereas the non-corrosive types contain lead 
styphnate, as shown in Table 12-1. Corrosive primers are so called because potas- 
sium chloride, produced by decomposition of the chlorate, is deposited im the 
bores of weapons fired with ammunition so primed. Unless carefully removed, 
this residue corrodes steel rapidly and severely. Non-corrosive primers are free 
from this disadvantage as respects smalls arms. For detonators and percussion 
primers in one-shot applications (e.g., a flare cartridge), the corrosive type poses 
no real problem and may, in fact, be preferable for reasons specific to the applica- 
fron, 

When the United States became involved in the space program, a need arose 
for initiators capable of withstanding long-term exposure to high temperatures. 
Cc omposition G11, shown in Table 12-1, was developed in response to the need 
for primers which might sce temperatures in excess of 200° C. 

6 tettional percussion primer compositions of both corrosive and non-corro- 

ve types are shown in Table 12-2. 


Stab Primers 


Stab primers incorporate the more brisant lead azide. They may be used to ini- 
tiate a detonation. Lead azide is hydrolytically unstable, causing it to deteriorate 
on storage, a process which is accelerated by vapors from plasticizers. The result- 
ing hydrazoic acid attacks copper and copper alloys, producing copper azide. 
Copper azide, like many metallic azides”, is unstable and may cause accidental 
initiation, T) he search for stable, stab-sensitive, flash-sensitive, and hot-wire sen- 
sitive substitutes (other than lead styphnate)“ has produced notable success, 
resulting in the use of CP*, KDINBI" and DXN-1* (previously called DXW-1). 
Appendix IV provides some additional details. 

Additional formule for stab primer mixtures are shown in Table 12-3. Stab 
primer mixtures are not stoichiometrically balanced, but are oxygen- deficient. 
‘The autoignition temperatures range from 270° to 340° C. Stab primer mixtures 
are the densest of all primer compositions, with densities ranging from 1.3 to 2.0 
gfem’. High density tends to reduce the ignition energy required, because the 
firing pi will deposit the energy over a smaller travel distance. The stability of 
stab mixtures is poor because the mixtures are hygroscopic, requiring careful seal- 
ing of devices. 

* CP = 2-(5-cyanotetrazolato) pentaammiino~cobalt (1) perchlorate 
+ KDNBF = Potassium dinitrobenzotrifuroxan 
§ DXN-L = Mercury (1D bis-5-nitrotetrazcle” 
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‘Table 12-1. Typical Priming Compositions'® 


Component Non-Corrosive Corrosive 
Er TTI 
PA LOL FA 70 Gil 
Low Temperature High Temperature 
Lead thiocyanate - 25 - 
Potassium chlorate ~ 83 53 
Antimony sulfide 10 vi 25 
Trinitrotoluene (TNT) - 5 
Calcium silicide ~ - 2 
Basic lead styphnate 53 ~ - 
Barium nitrate 22 - - 
Aluminum 10 - ~ 
Tetracene 5 ~ ~ 
TACOT* - _ 10 


* "TACOT = Tetranitrodibenzo-1-, Sa-, 4-, Ga-tetrapentolene” 


Stab primer mixtures are particularly sensitive to static electricity, with spark 
initiation energies ranging from 0.0002 to 0.005 J. The Bureau of Mines has 
established 0.01 J as being normally safe for explosives handling by personnel. 
Impact initiation energies range from 0.08-0.1 J (determined by a 56 g weight). 
Such data are to be accepted with caution as they depend on the apparatus used 
for their determination, as well as on the quantity, prior history of compaction, 
humidity, and sample configuration. 


Electrical Primers 


‘Typical formulations for electrical primer mixtures are shown im Table 12-4. 
The stability and sensitivity data are generally higher than those of stab primers. 
‘They are loaded less densely than the other mixtures. The ingredients for these 
differ somewhat from the ones described earlier, showing the great variation of 
materials suitable for ignition mixtures. 

The selection of ignition mixtures depends on the application. One distin- 
guishes between “first fires,” “starter mixtures,” and “fuel mixtures.” Ignition may 
be effected by a primer (sce above), a hot bridgewire, an exploding bridgewire, a 
laser, or by shock (see Chapter 13). Table 12-5 lists typical first fire formulations. 

Examples of fuel mixtures arc given in Table 12-6. These generate gas on reac- 
tion, and therefore are used as heat sources for dissemination of chemical agents 
or smoke (see Chapter 20). 

‘Table 12-7 lists typical ignition mixture formulations. They resemble first fire 
mixtures in many ways, but owing to their higher electrical and thermal conduc- 
tivity, they are (as a rule) not as sensitive to electrical initiation or initiation from 
a primer. These formulations are given only for illustration and must be tested 
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PRIMERS AND IGNITION MIXTURES 


‘Table 12-3. Typical Stab Primer Compositions’ 


1 2 
Antimony sulfide 22 17 
Potassium chlorate 45 53 
Lead thiocyanate 33 25 
Lead azide ~ 5 


Carborundum - 

Barium nitrate - - 
Basic lead styphnate 

“Tetracene ~ ~ 
Normal lead styphnate ~ _ 
Lead dioxide - ~ 


Calcium silicide _ ~ 


3 4 5 
33 15 
33 - ~ 
29 20 ~ 
§ _ ~— 
- 20 39 
- 40 ~ 
- 5 2 
- ~ 38 
- - 5 
- - it 


Table 12-4, Typical Electrical Primer Compositions” 


1 2 
Potassium chlorate &5 55 
Lead mononitroresorcinate 76.5 ~ 
Nitrocellulose 15.0 ~ 
Lead thiocyanate ~ 45 


Diazodinitrophenol ~ ~ 
Charcoal ~ - 
Nitrostarch ~ 

Potassium perchlorate ~ ~ 
Titanium - - 
Aluminum ~ ~ 


3 4 5 6 
25 60 ~ - 


75 20 ~ ~ 
- 18 ~ 
~ 5 - ~ 
~ ~ 66.7 66.7 
~ - 33.3 ~ 
~ ~ 33.3 


‘Table 12-5, Typical First Fire Compositions” 


I 2 


Red lead, Pb,O, 25 50 
‘Titanium 25 25 
Black iron oxide, Fe,O, 25 - 
Silicon 25 25 
Barium nitrate - ~ 
Zirconium hydride ~ ~ 
Tetranitrocarbazole - ~ 
Laminac - - 
Red iron oxide, Fe,O; - ~ 
Binder (Additional %) - - 


762° 780° 
360 225 
0.88 


Autoignition temperature, ¢C 
Heat of reaction, cal/g 
Burning rate, cm/s 
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0.88 


3 4 5 6 


25 - 55 70 
25 - 12 30 
25 20 33 ~ 
~ 50 ~ 
~ 15 ~ ~ 
— 10 on 
~ 5 ~ ~ 
25 ~ - - 
~ - 8-10 - 
865° 476° 777° 659° 
343 - 290 
0.64 0.25 064 0.40 
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Table 12-6. Typical Fuel Mixture Compositions’® 


1 2 3 
Potassium chlorate 42 ~ ~ 
Sugar 28 - - 
Magnesium carbonate 30 - 
Nitrocellulose/acetone* 44 ~ ~- 
Ammonium nitrate - 74 85 
Charcoal ~ 16 - 
Potassium nitrate ~ 8 
Fuel of} ~ 2 . 
Rubber - - 12 
Carbon black ~ ~ 2 
Ammonium dichromate. ~ ~ 1 
Autoignition temperature,°C 176° 206° 214° 
Heat of reaction, cal/g 365 A06 602 
Burning rate, cm/s 1.26 0.85 


“additional percentage, used as a binder; 8% nitrocellulose in 92% acetone. 


Table 12-7. Typical Ignition Compositions“ 
i 2 3 4 


Sodium nitrate 47 - - - 
Sugar 47 ~ ~ ~ 
Charcoal 6 - - ~ 
Tron oxide, Fe,O, ~ 50 ~ 25 
‘Titantum ~ 32.5 > - 
Zirconium ~ 175 - 65 
Nitrocellulose/acetone* ~ 44 ~ - 
Boron ~ ~ 25 - 
Lead dioxide - ~ - - 
Potassium nitrate ~ ~ 7 ~ 
Cupric oxide ~ ~ ~ 
VAAR' - ~ 1 ~ 
Diatomaceous earth - - - 

Silicon ~ 


Autoignition temperature,°C 280° 456° 419° 427° 
Heat of reaction, cal/g 940 630 1524 - 


Burning rate, cm/s - 1.26 1.16 6.25 


* additional percentage, used as a binder, 8% nitrocellulose in 92% acetone. 
fadditional percentage, used as a binder, vinyl alcohol-acctate resin. 
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Table 12-9, Ignition Requirements and Reaction Rates 
for Typical Ignition Mixtures 


Mixture Pressure, atm 
agg SETI 
O41 20 30 Propagation Rate, cm/s 
B/BaCrO, L.0 cal/cm? 18.0 cal/cm* L.29pes 
BAKNO, LS cal/ern’? 2.5 caller’ LO1p 
B/PbCrO, 1.0 cal/em’ 10 cal/em? 3.55p" 


AVKCIO, 35.0 cal/em? 5 cal/crn? 0.08p"" 


further prior to any application, 

Starter mixtures (Table 12-8) often have the same cormmposition as do other 
ignition mixtures except that in one case they may be blended dry and in another 
wet with nitrocellulose/acetone binder. They are often designed to be placed on 
the surface of other pyrotechnic or propellant formulations. Electrostatic sensi- 
tivity is high owing to the small fraction of electrically conductive constituents. 
Zirconium (as a fine powder) is very sensitive to static despite being conductive. 

Ignition behavior of igniter material (Table 12-9) is typically studied in arc 
image furnaces or, more recently,'"*’* with argon ion lasers. The fluences report- 
ed are, of course, very much a function of the exposure time and also of pressure. 
‘The conductive losses from the mixture, and the kinetics, are directly proportion- 
al to the pressure while the corresponding ignition temperature is inversely pro~ 
portional to the pressure. 
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Chapter 13 
Miscellaneous Ignition Devices 


Ignition of Pyrotechnics with Lasers 


In recent years, the technology of pyrotechnic ignition with lasers has seen sig- 
nificant advances, especially in reducing the size and energy requirements of 
devices. Tt appears that laser initiation is experiencing the kind of enthusiastic 
reception that electro-explosive devices (EEDs) did a generation ago. The 
expected benefits are large reduction in mass and cost, compared with EDs. 
The use of fiber optics for signal transmission promises a further reduction in 
cost and mass. The much advertised potential of allowing testing after installa- 
tion without the need to fire is offset by an increase in complexity. 

Laser firing units can be powered either by flash-lamp pumped, solid state 
lasers or by semiconductor diode lasers. In conventional ignition systems the 
energy from the firing unit is transmitted to the igniter either by electrical cables 
or by ordnance transmission lines. Fiber optics are inert, testable, and insensitive 
to static charges, radio-frequency pulses, and other electrornagnetic energy. The 
initiation mechanism is a thermal one in that the laser pulse heats a spot (in mil- 
lisecond tirne frarnes) on the pyrotechnic substance. The surface may be doped to 
increase absorption or ignition sensitivity. Auxiliary initiators such as exploding 
foils or hot wires are not necessary, Shock-induced initiation with Q-switched 
lasers, while found with explosives, is not observed in pyrotechnics. 

A solid state laser consists of a lasing rod (neodymium- or yttrium-doped sap- 
phire) and a condenser discharge~powered (or pyrotechnically fired) flash lamp. 
The set-up may incorporate a test signal operating at very low intensity. The test 
signal reflects off a beam splitter and is received in a detector which verifies that 
the fiber optic line is continuous prier to firing. Typically, the high-voltage 
capacitor has a volumetric efficiency of about 0.04 J/cm‘, Because the efficiency 
of the laser is about 2.5%, a typical pyrotechnic initiator requires about 10 J 
capac ity. Recent laser initiation studies of TiH,/ KCIO, and other pyrotechnic 
mixtures were performed with argon ion lasers'* 8 

Semiconductor laser diodes are galliurn arsenide chips, doped with many paral- 
lel “stripes” of trace aluminum. ‘The output wavelength ranges from 88-860 nm. 
‘The diode is mace to lase by the passage of high currents (>10 A at 20 ps pulse 
width). The laser diode is more than 30% efficient, but is limited to 10 mJ energy 
output. The necessary high power density is achieved by optical focusing. 
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Piberoptic strands are typically 400 jam in diameter, permitting a limiting power 
density of 8 J/cm’, It is customary to drive the diodes at 2.5 times the rated 
power to achieve the delivery of 20 J/cm’ per pulse ignoring transmission losses. 
Operation at high power densities degrades the performance after one pulse.” 
Continuous wave (CW) laser diedes can have a maximum power output of 


Iw. 
Table 13-1. Energy Required For Lasex Initiation 


System Energy Density, J/cm? 
B-KCIO, O04 
Zr-KCIO, 1.2 
B-KNO, 2.4 
TVKCIO, 3.0 
Lead azide 3.6 
Lead styphnate 1.0 
PETN (Zr doped) 9.0 
CP 6.7 
CP (Carbon doped) 12 
Me/Teflon 14 


+ CP= 2-(S-cyanotetrazolato) 
pentaammino-cobalt (HD) perchlorate. 


Shock Initiation of Pyrotechnics 


Initiation of pyrotechnic mixtures by shock (impact) continues to be poorly 
understood, Traditionally, initiation sensitivity was measured with drop hammer 
devices. The lack of reproducibility of the results is notorious and can be traced 
to the multiplicity in types of test apparatus and of test methods, These were 
briefly reviewed by J. Roth”. Test samples vary in mass and in confinement; drop 
weights vary in mass and area of working space, and some tests are performed 
between sheets of sandpaper and some are not. 

Walker and Wasley’* showed that the shock initiation energy could be corre~ 
lated with the shock initiation energy as derived fom the kinetic energy of a 
flier: 


E=P?t (cal/em’) [13-1] 


where P is the shock pressure and 1 is the stress duration (pulse width), Stress 
relief in drop tests takes a long time compared with the duration of a shock wave, 
and the peak stresses at the initiation threshold in drop tests are much below the 


Spectra Diode Laboratories, 80 Rose Orchard Way, San Jose, CA 95134-1356. 
§ More rigorous and dimensionally consistent is the expression: E=P?¢ 
op 


where U, and p are the shock velocity and the density. 
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pressures in a shock wave. By substituting experimental data into Equation 13-1 
it can be shown that there is no difference in shock initiation energy and inypact 
initiation energy. While classic studies on shock initiation thresholds”* dealt with 
explosives, the same principles have been found to be applicable to pyrotechnic 
mixtures as well”. 

Shock initiation of pyrotechnic mixtures has seen application in donorless 
through bulkhead initiators (TBIs)""*°" which are less sensitive to temperature, 
shock, and electrostatic discharge than are conventional squibs and detonators. 
This development has opened the door to the use of pyrotechnic mixtures as 
end-item devices in explosive trains without the requirement of the usual primers 
and boosters. Other applications are in the initiation of incendiary devices. 

A shock deposits energy into the pyrotechnic mixture by adiabatic compres- 
sion, by intercrystalline friction, or by viscous heating. Compression causes a 
temperature rise in the compressed shocked mixture. While explosives react with 
characteristic kinetics, pyrotechnic reactions are thermal processes. No special 
initiation mecharusms such as hot spot models” need to be invoked to explain 
the observed results. The ignition sensitivity is enhanced by the porosity,” ie, 
the low compaction density, indicating that viscous flow or shear banding is a 
mechanism for initiation. 

S. A. Sheffield and A. C. Schwarz "7" and Hardt’ show that the time 
frame for this ignition mechanism is in microseconds, or of the same order as a 
conventional pyrotechnic squib. Relief of the pressure behind the shock wave is 
not accompanied by a temperature drop, as in a gas, but by attenuation of the 
shock while the shocked mixture remains hot. The hot zone accelerates the 
diffusion which starts the reaction. Shock has been shown to initiate diffusion in 
time scales which are briefer than would be expected from the scale of the origi- 
nal particle sizes. The conclusion is that the initiation mechanism is one of a 
temperature elevation to the autoignition temperature by shock compression, 
after which the material reacts in the same way it would if the temperature had 
been raised by other methods. 

The key to determining the shock pressure in the pyrotechnic mixture is the 
construction of an Hugoniot equation™ which, strictly speaking, should be done 
using experimental data. Inasmuch as Sheftield’s and Schwarz’'s data are at pre- 
sent the only such published Tugoniot equations for pyrotechnic mixtures, it is 
necessary to rely on a computational scheme for other systems. This was 
done”! using the Herman m-« model"*”" to construct the constitutive relation- 
ships fromm the Hugoniot equations of the components. It is now possible, by 
using these techniques, to predict to a first approximation the shock sensitivity of 
pyrotechnic mixtures, which may be sensitized to any desired degree by the con- 
trolled addition of oxidizers or by the control of the compaction density. 

The equivalence of shock initiation energy with autoignition enthalpy of reac~ 
tive mixtures provides a convenient estimate of shock sensitivity from ignition 
temperatures and heat capacities. Given constitutive properties, ze, the 


See glossary. 
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Hugoniot equations, and heat capacities and autoignition temperature of the 
q D y 

pyrotechnic mixture, the shock initiation threshold in terms of shock pressure 

can be calculated without the need for costly shock initiation experiments, 


Ignition of Pyrotechnics using Flueric Matches 


Slender cylindrical cavities, with a length to diameter ratio of 30:1, have been 
shown to exhibit intense heating at the closed end as gas is introduced under 
pressure”. 

This idea is far from new, having been applied in two British patents of the 
firearms designer Jean Samuel Pauly, dated 1814 and 1816, covering an “Appara- 
tus for Discharging Firearms by Compressed Aix.” The concept was revived in 
the 1960s by Van Langenhoven in a rifle designed to fire caseless .22 caliber 
arnmnunition, briefly marketed by Daisy/Ileddon. 

incorporation of tapered or stepped cavities gave rise to the flueric match, as 
shown in Fig. 13-1. When incorporated into a flueric initiation system (one con- 
ing of valving anda gas supply) a flueric match confers potential immunity 
from the effects of a hostile external environment. Typical experimentally deter~ 
mined endwall temperature-time curves”, show that the higher the heat capacity 
of the gas, the shorter the ignition delay. Thus, endwall temperatures of 800° C 
ate attainable in 20 ms when using helium at 50 atm. While fueric initiators 
were of interest for the ignition of cartridges such as those found in aircrew 
escape systems, the relatively long ignition delays and system complexity seem to 
have prevented further development. 
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Figure 13-1. Flueric match,” 
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Chapter 14 
Miscellaneous Pyrotechnic Effects 


Blank Ammunition 


The use of blank charges to simulate cannon or small-arms fire for military, 
ceremonial, theatrical, or other noisemaking purposes is of considerable antiqui 
ty. Saluting with blanks has a long history; by the eighteenth century, an elabo- 
rate code of military and naval gun salutes had already become firmly established. 
‘The practice of using small cannon (known as chambers or cadette) was responsi~ 
ble for one of the world’s most famous theater fires, that of the Globe, where 
many of Shakespeare's plays had their original performances. In a letter dated 
July 2, 1613, Sir Henry Wotton wrote to his nephew about the fateful perfor- 
mance of Henry VILE: 


Now, King Henry making a masque at Cardinal Wolsey’s house, 
and certain chambers being shot off at his entry, some of the 
paper, or other stuff, wherewith one of them was stopped, did 
light on the thatch, where being though nt at first but an idle 
smoke, and their eyes more attentive to the show, it kindled 
inwardly, and ran round like a train, consuming within less than 
an hour the whole house to the very ground”. 


Music is not without its gunfire, ranging fromm Tschaikowsky’s cannon battery 
in the 1812 Overture to the shotgun in Johann Strauss’s polka duf der Jagd. Even 
the rituals of the Church occasionally encompassed the use of blank charges, 
which were fired (outside the doors) at the Gospel and at the Consecration, in 
lieu of or in addition to the ringing of bells.* 

Blank munitions may be made using black powder, much as they were 400 
years ago. A charge (usually equal to — or exceeding — the normal service charge) 
is confined behind fiber or paper wadding, Upon firing, the wadding is dis- 
charged with noise and considerable force from the gun’s barrel, but having such 
small mass, quickly loses velocity and falls to the ground or floor. The procedure 
for muzzle-loading arms is simply to charge the powder into the barrel, then the 


*'The practice of firing codette during Mass is recreated in a recording of Claudio Mon- 
teverdi’s Mass of Thanksgiving, composed in 1631 to commemorate the deliverance of 


Venice from the plague (EMI CD No. COMB-49876, ©1989). 
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wad, to prime and then fire. For use in arms taking fixed cartridges, the powder 
and wad must fit inside the cartridge case, the wad being secured by means of a 
sealant or crimp at the mouth of the case to permit the round to be handled 
without loss of its contents. The finer the grain size of black powder, the louder 
the report. Usually, FFF g or equivalent is specified. If fiber or card wads designed 
for the purpose are not available, firmly tamped tissue paper may be substituted 
in field-expedient situations, and blanks may be made in this manner for almost 
any firearm for which cartridge cases are available. This suffices to produce a 
good sound effect, and the visual effect may be more impressive than that of 
commercial smokeless blanks, on account of the muzzle-flash and smoke. How- 
ever, care must be taken lest burning paper be evident, spoiling the effect and 
posing a fire hazard. 

Blanks which contain wadding are hazardous when fired at a person within 
close range. Serious wounds have often been thus caused, and even death has 
resulted, either from immediate trauma or from secondary infection, such as 
tetanus. In the past, injuries from fring of blanks in July Fourth celebrations 
were common, and being counted together with true fireworks injuries, artificial- 
ly enlarged the number and seriousness of accidents blamed on consumer fire- 
works. In recent years, there have been several reported injuries to actors from 
the misuse of blank aramunition. Persons in such circumstances using blanks 
should not be presumed to be conversant in general with firearms, much less 
familiar with the specific hazards of blanks. Proper training would do much to 
alleviate the risks involved. 

The commercial manufacture of blank cartridges is a specialized branch of the 
aramunition industry. Industrially-produced blanks exhibit considerable sophisti- 
cation and specialization depending upon the type of weapon and the application 
for which they are intended. While some blanks are designed for simple noise- 
roaking purposes, others are used in connection with devices or attachments to 
launch tear-gas canisters, thunder/flash grenades, flares, or other projectiles. A 
blank cartridge intended to function in a revolver or fixed-breech rifle or shotgun 
may fail to operate the mechanism of a semi-automatic or automatic arm that is 
dependent for successful function upon the recoil or gas pressure of a service 
round carrying the usual projectile. Blanks must be designed especially for partic~ 
ular use in such weapons. 

Shetgun blanks are among the few in some cases still commercially made with 
black powder ~ notably the 10-gauge 2’A” blank for use with the Winchester 
saluting cannon, popular amongst yachtsmen, and 12-gauge blanks for use in 
field trials and dog training. Smokeless powder is the more usual noisemaking 
charge, black powder being unpopular with most users due to the necessity of 
careful gun cleaning after use, Grenade-launching blanks are used by police and 
military forces in “riot guns” (short-barreled pump or semi-automatic shotguns) 
to launch tear-gas canisters and thunder/flash grenades. Similar to the shotgun 
blank is the bied-scaring cartridge, used by farmers to protect crops, which actu- 
ally contains a small flash salute that, discharged from the gun, bursts in mid-air 
in a manner comparable to that of an rial firework salute. 
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Photo: coureesy Clenfis 


Photograph 15-2. Cases drying in open air. 
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Photograph 15-4. Granulated mixture drying on trays. 
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Photo: Barry Bush 


Phategraph 15-5. Bickford-type fuses. Clockwise from left: "%” double-tape fuse for shell 


timing; 4" Japanese fim ; two types of Ys” Chinese time fuse; 2” red visco fuse. 


Phin: Jin Woonnuck 


Photograph 15-6. Fuse-spinning machinery, showing coatin, 1 
baths and drying tunnels (to left). 


PLATE V 


Photo: courtesy Cenfiegos Leda. 
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Photograph 15-7, Fuse-spinning ma- Photograph 15-8. 


chine. This machine does not incorporate Fuse-spinning machine ~ side view. 
in-line coating and drying. 


“Ray 
Photograph 15-9. Salamandre set-piece, 
as exhibited at Butchart Gardens, Victo- 
ria, British Columbia. 
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Photagraph 15-10. Maltese set-pteces. 


PLATE V1 


Photo: Alex J. Schuman 


Photograph 15-11. Lancework portrait. The subject is Padre Hidalgo. 
Lancework by FAMSA, Mexico City. 
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Photograph 15-12, Funnel-and-wire filling techmique. 
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Photograph 15-13. Paper cap manufacture. 
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Photograph 15-14. Cut stars. The smaller chlorate purple stars have been primed, the 
saltpeter white stars, containing realgar, have not. 
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Ph 
Photograph 15-16. Married con 
shell of married comets. 


Barry Bush 


et and 


pumped stars. Left~ ight: 1-3, various 
solid comets, and their pumps (2 and 3 
are a@ set for married comets); 4, crossette 
with cruciform cavity, and its pump; 5, 
fraditional crassette with round shot 
bole, and its punep. 


Photograph 15-17. Crossette comets. 1. efi, pump plunger; center, pump sleeve; right, 
sectional, side, and tap views of crossette comets. 
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Pistol blanks roay be made with wadding held in a normal-length cartridge by 
means of a slight constriction. or roll crimp at its mouth, or may be made in spe- 
cially-drawn cases having an extra length of brass “necked down’ to the approxi- 
mate diameter of the projectile ordinarily used, and crimped with a star-crimp or 
closure in lieu of a wad. The excess brass amounts to a “dummy bullet” that 
extends the blank round to the lengtt h of a normal cartridge and facilitates feed 
through the weapon’s magazine. The crimp is sufficient to confine the powder for 
production of noise, whilst obviating the necessity of a wad with its attendant 
danger to person or property. Of particular note is the “S-in-1” blank, the staple 
of movie and television Westerns. Its “universal” case fits revolvers and rifles 
chambered in .38/40, .44/40, .44 Special, 44 Magnum, and .45 Colt. The most 
recent exarmples are moulded of plastic, the forward end being completely 
enclosed. The powder charge consists of a smokeless powder, in some instances 
mixed with flash powder or finely-divided metals to provide greater muzzle- 
fasts particularly effective in low- light scenes. Reduced loading is sometimes 
used for greater effectiveness when dialogue is to be heard over the noise. 

Rifle blanks have many of the same characteristics that pistol blanks do, but 
may pose special problems because of theic applications. For example, grenade- 
launching blanks must be loaded to give precise impulse to the grenade with 
which they are intended to be used. Yet another purpose has been served in some 
military forces by use of blanks loaded with wooden bullets, and more recently 
with frangible bullets made of synthetic, non-metallic compositions. These pro- 
vide necessary recoil and pressure to operate semi- and fully-automatic weapons, 
while creating little danger to property down-range. The caveats mentioned in 
conjunction with blanks made with wadding apply, of course, to frangible~bullet 
rounds, which are fully capable of wounding people or animals fatally. Barnes* 
gives details of numerous types of blanks used in the past and at present by the 
armed forces of the United States. 

Blanks for industrial applications range from .22 rimfire blanks used in rivet- 
seating tools (larger cartridges may be employed for such purposes) to 10-gauge 
plastic blank cartridges for use in sounding wells and other seismographic work. 
Although such blanks have the external form of a firearm cartridge, they are 
intended to be used in special tools and not in ordinary firearms, They may be 
chambered in a weapon, but firing may damage the gun and user. Blanks should 
always be examined to ascertain their appropriateness for the intended use. 

Ellern in his earlier work, Modern Pyrotechnics,” reproduces a formula for a 
smokeless powder denominated “E.C. Powder.” In fact, there were several types 

of smokeless powders so called, including a special | E.C. Blank powder that was 
formulated to burn extremely fast and hence to give a good report without much 
confinement. This powder has not been manufactured in many years, and 
according to Barnes,” present-day practice is to use fast-burning shotgun pow- 
ders of the double-base type, such as Alliant (formerly Hercules) Red Dot, Even 
so, powders removed from blanks should never be used for reloading ammunition 
with projectiles, as dangerous pressures may result. 
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Theatrical Effects 


Most theatrical effects, such as smoke, lightning, and flames for stage, motion 
picture, ane television use are not truly pyrotechnic. Pyrotechnics nonetheless has 
an old and recognized place in theatrical work. Ruggieri,“ writing in 1810, 
devoted the fourth section of his Elémens de pyrotechnie to “feux d'artifice pour le 
théatre.” In it, genuinely pyrotechnic devices such as “pluies de feu” and “couran- 
tins” are described alongside quasi~pyrotechnic effects such as the opodium 
pipe, and non-pyrotechnic flaming effects, ¢.g., the attachment of pieces of cloth 
soaked in alcohol to the blades of tinplate swords, the spirits then being ignited 
to make “flaming swords” for the combats of demons, ete. 

After the introduction of potassium chlorate, which made possible the produc~ 
tion of true colored pyrotechnic flames, slow-burning colored fire compositions 
found use in the theater. Mid-nineteenth century publications suggest that this 
was at one time an application of considerable importance. An example is the use 
of ved fire in the finale of the Gilbert and Sullivan opera The Sorcerer, Such use 
was not without its inconveniences: 


In his autoblography, ie Secrets of a Saveyard, Six Henry Lytton 
tells of an embarrassing incident which once occurred when he 
was playing Wells and making his final descent: ‘One night the 
trap, having dropped a foot or so, refused to move any further, 
and there was |, enveloped in smoke and brimstone, poised 
between earth and elsewhere. So all 1 could do was to jump back 
on the boards, make a grimace at the refractory trapdoor, and go 
off by the ordinary exit. “Hell’s full” shouted an irreverent voice 
from the gods.’’* 


‘The advent of electric lighting and the use of colored filters eliminated much 
of the raison d’étre, and with it, the ‘smoke and brimstone’ of theatrical pyrotech- 
nic illumination. Until recently, it was a moribund aspect of pyrotechnics. Its 
revival is attributable to the rise of the “multi-media” spectacle, as seen in such 
mass entertainments as rock concerts, professional wrestling “matches,” ete., per- 
formed in large enclosed spaces such as domed staclia. The effects used are simi- 
lar to ordinary fireworks (see Chapter 15), with a few exceptions. 

Minimization of smoke, especially of a noxious or obnoxious type, is of special 
concern, Some toxic fireworks ingredients, ¢, & those containing antimony, 
arsenic, or lead, are more easily avoided than are others, g., those containing 
barium. Nitrocellulose, elsewhere significant mainly as a binder, here assumes a 
special use ag a major cornponent of the compositions used in indoor gerbs and 
line rockets, while fast-burning smokeless powders are used in lieu of black 


* Rains of fire, tubes charged with “Chinese fire,” and intended to “imitate the fire 
which falls from heaven by the anger of the gods, or by magic, as in Quinault’s 4rmide 
or Hofiman’s Afédée.” 

+ Small line rockets. 
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powder to propel miniature comets, mines, and shells from mortars. Alliant (for- 
merly Hercules) Green Dot mixed with strontium or barium chlorides in a ratio, 
ag, of 95:5, makes colored flames that are effective and relatively free from 
srooke. Flash poweers used more closely resemble the old-fashioned types 
employ ed by photographers prior to the introduction of flash jamps, than those 
used in military pyrotechnics or display fireworks, They are typically mixtures c 
strontium or barium. nitrates with fine magnesium powder, and are often fur- 
nished as two-component sets ~ oxidizer in one bottle, fuel in another, to be 
mixed i situ ~ obviating hazard in. storage or transportation. 

Unlike the display fireworks industry, which is fragmented and highly compet 
itive, the “ ‘proximate’ ’ Gindoor or stage) pyrotechnic industry is controlled by a 
handful of companies, which surround their expertise with an air of secrecy, and 
are not above a certain amount of “hype.” One is often led to believe that the 
compositions used are very exotic or “high-tech,” but while a few of the effects 
are highly specialized, good results are often achieved with mixtures differing lit- 
tle from those used in other fireworks. 

Diverging in the early twentieth century from the established practice of the 
legitimate stage was the fledgling motion picture industry. Pyrotechnics used in 
motion pictures followed this pattern, taking advantage of the effects derived 
from. “trick photography” (specialized manipulation of the camera and filrn, or 
subsequent film editing, including, in recent years, computer simulations) Erupt- 
ing volcanoes, for example, have been siroulated on a miniature scale by dropping 
glycerine on potassium permaganate, * by igniting mixtures of ammonium 
dichromate, potassium nitrate, and dextrin, or by igniting a gently Prepared mix- 
ture of potassium chlorate and powdered sugar the ough the addition of a « trop of 
concentrated sulfuric acicd. The ensuing reactions are frequently so violent that 
visual effects are obtained by filming in slow motion. On the other hand, motion 
picture “special effects” may involve the ignition of many gallons of gasoline, or 
the detonation of substantial explosive charges to provide fiery, though not really 
pyrotechnic, spectacle on a large scale. 

A special type of pyrotechnic device is the bullet impact effect which is com- 
prised of ele ectrically’ initiated igniters or primary explosives" which are concealed 
within the “targets.” Bullet holes as depicted im movies are not technically cor- 
rect. Normally, when a bullet penetrates an object, it produces an entrance hole 
of approximately its own diameter, but as it passes through the target, it forces 
more and more material ahead of it. Upon exit, large chunks of material rear out 
to form the characteristic exit crater. Usually, for the sake of visual effect, the 
entrance hole is made to resemble a crater which is then filled with the explosive 
device, covered with plaster, and painted to conceal the hole. Pyrotechnic devices 
for theatrical display can be prepared only by specially licensed personnel. 


Diazondinitrophenol, or “dinol” bullet hits exist for use upon the heman body, when 
mounted on tiny safety armor plates sewn into an actor’s clothing. Such a bullet hit will 
tear a hole and/or break a “blood sack,” if desired. A new type of bullet hit is wired to a 
piezoelectric device which converts the sound from a blank to an electrical signal, 
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“William Tell” type effects are achieved by attaching black threads to the apple, 
etc., a8 few modern performers are as daring or skillful as “Buffalo Bill” Cody or 
Annie Oakley. 

Aerial skywriters use titanium tetrachloride, also known as “liquid smoke.” 

y a t 

Because it forms hydrogen chloride upon hydrolysis, it is toxic when used in 

confined spaces. The combination of dry ice and water is usually more effective 
indoors. These and similar effects are net produced pyrotechnically and will 
therefore not be examined in further detail. 

A number of manufacturers of Pyrotechnic devices for special effects are listed 
in Appendix [in order to discourage the reader from undertaking this hazardous 
craft, 


The Pyrotechnic Laser 


At present, the only feasible application of pyrotechnics to laser technology 
appears to lie in the use of flash compositions, such as potassium perchlorate/zir- 
conium mixtures” or zirconium wool in oxygen” to pump neodymium laser rods, 
for which outputs approaching 10 J are claimed. The principal advantage of 
pyrotechnic |: lies in the compactness of the device which may fire mechani- 
cally, electrically, or piezoelectrically’’. The output energy can be transmitted 
with small energy losses through fiber optics to detonators or photodetectors. 
Many other schemes have been proposed for pumping the rods pyrochemically, 
such as by shock-driven gas dynamic reactions’ but none of these have advanced 
beyond the conceptual stage. 

‘The use of a pyrotechnic reaction as the source of coherent light is still more 
speculative. Douda™ has explored some of the requirements for such chemical 
lasers. For instance, in an alkaline earth laser, MOH and MCI radicals (where 
M= Ba or Sr) would be excited above their ground state. The concentration of 
the excited species is a strong function of temperature. An adiabatic expansion 
would cause the excitation to decay, bringing about a lasing action, Additional 
energy could perhaps be pumped into the system from nitrogen or nitric oxide 
species which can be excited vibrationally to energy levels nearly resonant with 
the excited molecules of MOLI or MCL Pyrotechnic mixtures may hold promise 
for laser-initiated ordnance systerns. For instance, Maycock'* showed that those 
azides, perchlorates, and nitrates which absorb in the long wavelength range in 
solution are also the most unstable members of the respective classes of salts. 
Consequently, there is a direct relationship between the absorption spectra of 
pyrotechnic oxidizers and their respective sensitivities. A study of the decomposi- 
tion of azides as a source of spectrally discrete pumping energy was published by 
Dinerman”™. 


Commercial Applications 


A common application of pyrotechnics is the highway flare, typically com~ 
posed of strontium nitrate, potassium perchlorate, sulfur, and sawdust with some 
* See laser initiation (Chapter 13) and flash cubes (Chapter 17). 
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binder. It burns slowly, leaving a molten residue that prevents excessive ash build- 
up that might otherwise cause interference with the flame. Similar burning roix- 
tures are found in “gopher bombs,” pyrotechnic torches intended to be ignited 
and thrust into the opening of a burrow in hopes of suffocating these pests. 

Automobile airbag inflaters contain a quick~acting gas generating composition, 
such as a mixture of potassturn nitrate, sodium azide, and silica’™. 

For many years, silver iodide or lead iodide was dispersed for cloud seedling. 
The iodides were combined with ammonium perchlorate in an organic binder, or 
the iodide could be formed im situ by the reaction of lead or silver nitrates with 
ammonium iodide’. In other cases, the iodates of silver or lead were used as oxi- 
dizers in conjunction with metallic fuels. 

Other types of utilitarian pyrotechnic devices are hand-held rocket signals for 
use on ships, fife boats, and life rafts. These may be parachute flares or signal 
stars. Similar devices can generate smoke instead of light. Tlandheld flares can be 
equipped to ignite by means of a friction-sensitive composition. Other rocket- 
launched devices are designed to throw life lines. 


Model Rocketry 


Toy model rocketry has evolved into an interesting hobby and has attained a 
considerable level of sophistication, partly because the manufacturers support it 
with journal articles directed at the high-school physics student (PME PHysics 
TEACHER, The American Association of Physics Teachers) and with instruction 
manuals which cover such subjects as the measurement of erodynamic drag and 
the altitude attained by the rockets.” 

Model rockets are usually sold as kits with modular, preassembled, solid- 
propellant engines. These engines are constructed with paper casings, clay noz~ 
zles, and compressed black-powder charges which are ignited by a type of electric 
match, Unlike military solid propellant motors, the burn time, which at most 
lasts but a few seconds, is brief compared with ascent time. In this circumstance, 
a combustible confinement is adequate because of the rapid thrust decay. The 
impulse and thrust can be specified over moderately wide ranges for assembly 
into single- or multiple-stage rockets. Altitudes of 100 to 1000 meters are 
claimed, and parachute and camera payloads are available. The concept of 
prepackaging has added a significant element of safety to what had been a dan- 
gerous hobby. 

However, as with indoor pyrotechnics, the marufacturers of model rocket 
engines engage in a certain amount of puffery. The defunct Cox company caf~ 
didly stated on packages that its engines contained potassium nitrate, sulfur and 
charcoal, but other makers have always liked to imply that they employ some 
exotic “space age” technology. Since the 1960s most books on hobby rocketry 
have been heavily influenced by these companies, and the National Association 
of Rocketry’s safety code was written with their products in mind. Warnings to 


* Estes Industries, Inc., Box 227, Penrose, CO 81240. 
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amateurs which suggest that antiquated black gunpowder is an unacceptable or 
extremely hazardous material are ironic, considering the amount of it consumed 
by these manufacturers. 

The propellant burns in a manner which is similar to military solid propel- 
lants, but delivers only 20-30% of their specific impulse because of the high solid 
content of the combustion products and the comparatively low chamber pres- 
sure”, The construction of home-made rocket motors with advanced types of 
propellants was the subject of a recent publication’. Details of the methods are 
beyond the scope of this book and can only be recornmended for the serious 
adult hobbyist. The most popular propellants use a perchlorate oxidizer in com- 
bination with a synthetic resin which is both fuel and binder. 
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Chapter 15 


Fireworks 


Totroductory remarks 


Fireworks and pyrotechnics are popularly regarded as synonymous. ‘This iden- 
tity is even asserted by well-known dictionaries ~ a cause of some chagrin to 
those involved in. the extensive, technically sophisticated, and diverse industry 
producing non- firework pyrotechnic articles. Despite its inaccuracy, the common 
usage persists, probably because fireworks remain the most visible ~ and spectac- 
ular — uses of pyrotechnic phenomena apparent to the ordinary observer. 

Historically, the divergence in. the development of other pyrotechnic applica- 
tions from fireworks is recent. A survey of military pyrotechnics published at the 
end of World War I, Henry B. Faber's Military Pyrotechnics”, reveals the materi- 
als, compositions, and construction techniques for the devices then in use were 
virtually the same as those used in civilian fireworks, from which they were dis- 
tinguished only by their packaging and their more limited variety. Differentiation 
was evident during World War UL, as military pyrotechnic articles underwent 
modification resulting from wartime research and development, and mechantza: 
tion was underwritten by extensive wartime spending. These trends persisted in 
the following years, as the Cold War ensued and military preparedness was given 
high priority. Fireworks, by contrast, remained traditional products, manufac- 
tured much as they always had been, but under the added burden of new regula- 
tions governing their manufacture, storage, transportation, sale and use, ‘These 
factors combined to discourage new investment in the firework industry, and 
hence, the development of new methods and products. Even. today it is possible 
to find fireworks being made in ways that differ little from those in use a century 
ago, a circumstance that may best be described as a mixed blessing. 

According to Ellern”, in 1960, the total retail value of firework items in the 
United States then amounted to $16 million, of which about $13 million was 
domestically produced (81%). McLain” indicates that by 1979, total sales were 
$100 million, but only 25% was domestic. The most recent data, for the year 
1999, show sales totalling $625 million. This represented total consumption of 
156.9 million pounds, an all-time high surpassing the previous high of 132 mil- 
fion pounds in 1997, Of the 156.9 million pounds, only 6.7 million (4.4%) were 


* This chapter has been written by Barry 1. Bush. Thanks are extended to Robert G. 
Cardwell, Jeremy Clayre, and Michael 8. Swisher for additional material fumished. 
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fireworks of domestic manufacture.* Allowing for the considerable inflation dur- 
ing this interval, the trends are clear: increasing volumes of fireworks are sold, but 
domestic production is a steadily declining portion of those sales. Fireworks 
imported into the United States come overwhelmingly from the Chinese main- 
land, with much smaller quantities originating in ‘Latwan, Japan, Brazil, Spain 
and a few other countries. Tt is not difficult to discern the reasons for these devel- 
opments. Mireworks continue to be largely hand-assembled products requiring 
relatively skilled manual labor, Although a hostile regulatory climate has played 
its part, it is, at base, almost impossible to compete whilst employing workers 
who require an hourly compensation that would perhaps buy several days’ labor 
in China. 

Fireworks are customarily classified as terrestrial (ground-based), erial, and 
aquatic, the last being a traditional category which is now very small. In addition, 
fireworks for the theater and similar purposes (to which may be added pyrotech~ 
nic special effects for motion pictures) form a class by themselves, conveniently 
summarized under the heading of indoor or proximate fireworks. 

Additionally, fireworks are separated both by custom and by regulation into 
classes of display or exhibition fireworks, and common or consumer freworks, These 
may be differently defined and named by the regulations of different countries, 
but the distinction exists everywhere. In most cases, display fireworks and com- 
mon. fireworks are respectively larger and smaller versions of similar designs, the 
distinguishing characteristic being a regulatorily-established maxiraum dimen- 
sion or pyrotechnic composition content for the consumer article. “Toy” fire- 
works, such as sparklers, snakes, toy caps, and party poppers, are those types of 
consumer fireworks for which no corresponding display version exists, These are 
often the products of specialist manufacturers devoting them theit exchisive 
attention. 

It is to be noted that the former terms, “Class B — display fireworks” and “Class 
© ~ common fireworks,” have been abandoned in U.S. regulatory usage, and 
replaced by terms drawn from United Nations standards: “1.3G” for display fire~ 
works, and “1.4G” for common fireworks. However, the US. regulations setting 
maximum dimensions and pyrotechnic content for consumer fireworks remain in 
force; the U.N. standard signified by the designation “1.4G” is actually more 
lenient and is not applied for domestic regulatory purposes in the United 
States.” The old terms “Class C” and “Class B” are still in common use among 
people involved with fireworks and cause no confusion. These definitions were 
originally established by the Interstate Commerce Commission and later came 
under the authority of the Department of Transportation. As its name implies, 
this agency is primarily concerned with safety during shipping and storage; until 
the 1960s the sale of fireworks to the public was regulated by the individual 
states. Class B fireworks, principally large flash crackers, were widely marketed 
until they were restricted by the Child Protection Act of 1966. Since the early 
1970s, the Consumer Product Safety Commission has been involved in the 


“This information was kindly provided by Executive Director Julie Heckman of the 
American. Pyrotechnics Association (APA), the industry's trade association, 
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regulation of common. fireworks, and a few more changes have been made. More 
restrictions have been placed on. fuses, and firecrackers have been reduced. from 
the earlier Class C limit of two grains (130 mg) to a maximum powder content 
of 50 milligrams. However, definitions are still set by the D.OT., and most of 
the old composition limits and maximum dimenstons remain in force. 

In addition to the limits placed on the amount of composition in each item, 
certain chemicals are restricted in fireworks offered for sale to the public. Com- 
pounds of arsenic and mercury are forbidden because of their toxicity; other 
chemical restrictions are based on fears of excessive reactivity. Chlorates may be 
used only in a few specific items, and titanium may be included in consumer fire- 
works only if its particle size is greater than 100 mesh. White phosphorus is 
banned, and the red form may be used only in caps and party poppers. Other 
chemicals which are completely excluded are boron, zirconiurn, unalloyed mag- 
nesium, gallic acid and its salts, picric acid and its salts, and thiocyanates. 

‘This chapter will treat fireworks in. the order of their traditional categories, ter~ 
restrial, arial and aquatic (considering both display and consumer versions 
together), with concluding remarks on display practice. 


Materials 


‘The major chemicals used in, fireworks have been covered in Chapter 16, and 
more information about them is available in other technical works. Specific 
chemical preferences as they relate to fireworks will be explained as they arise. 


Adhesives, specifically glue and paste, play an important role in most firework 
items. White glues based on polyvinyl acetate, such as the familiar brand 
Elmer’s’, are used on paper, wood and other porous materials. Hide glue, 
stronger and more penetrating, is often a better choice on components such as 
shell fuses which must withstand high stresses. Historically this type of glue was 
sold as dry chips or flakes which could be recon stituted with hot water as needed. 
‘Today, there is a ready-made hide glue sold for woodworking which is conve- 
nient and very satisfactory. Increased use of plastic components has led to the 
adoption of new adhesives as well, When. binding plastic to plastic, especially 
PVC, the “glue” often is not technically an adhesive at all. Instead it is merely a 
solvent such as methylene chloride, which dissolves a small amount of the plastic 
and renders it sticky. The hot-melt glue gun is another innovation which is often 
used in mass-production of small consumer fireworks. As might be expected, 
hot-melt adhesives may be dangerous around sensitive compositions. For attach- 
ing sticks to rockets or tubes to bases, they are quite useful. Epoxies and other 
resin glues are not very common in fireworks, but in a few specialized items they 
may serve as a combination binder and fuel. 

Paste is usually made from wheat four, although other sources of starch can be 
used, Weingart’® and earlier authorities give detailed directions for making it, 
along with preservative methods which range from boiling in a zinc pot to 
adding powerful antiseptics such as mercuric chloride or phenol. The mercurial is 
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inadvisable, not because of any safety concerns, but because proteins in the flour 
will bind the mercury and render it relatively useless. Clove oil may be added at 
the rate of a few drops per quart and normally works very well. Today most 
pyrotechnists buy a pre-cooked powdered paste intended for wallpaper, which 
can easily be reconstituted in quantities which will be used in a day or two. Paste 
is invaluable when working with large pieces of paper, because it permeates the 
grain well and is not sticky when wet. It also gives a smooth finish and confers 
some degree of flame resistance after the paper is dry. 

Clay is used to plug the ends of tubular casings and to provide reduced diame- 
ter nozzles or chokes. Soft granular fire clay is usually preferred, although the 
dustier bentonite is also commonly used. Plaster of Paris is occasionally used for 
plugs, either prepared with water in the usual way or rammed dry like clay. 

Paper is a very important commodity in firework making. Detailed instructions 
in older works on pyrotechny often prove frustrating when they call for types of 
paper which are obsolete. Similarly, hobbyists often find that grades of paper 
which are acequate for small devices are not suitable when they progress to larger 
ones. In general the “gold standard” is brown kraft (sulfate process) paper, famil- 
lar as wrapping paper for parcels. This material takes paste well, is durable when 
wet and very tough after drying. It must not be confused with recycled or 
“bogus” kraft, which easily comes apart when dampened. The “weight” designa- 
tion. of kraft, based on the weight of a ream of a standard size of paper, corre- 
sponds roughly to its thickness in ten-thousandths of an inch. Thus “30-pound 
kraft” is about 0.003” thick, while “70-pound” measures approximately 0.007”. 
Many other types of paper, from chipboard sheets to thin tissue, are used in Are- 
works. While standard grades of industrially-produced. paper account for the 
great majority used in firework manufacture in all countries, several varieties not 
seen in the United States are occasionally observed elsewhere. Japanese hand- 
made papers have the virtue of random orientation of the fiber, and hence do not 
exhibit the pronounced “grain” of the machine-made product, in which the fiber 
is directionally aligned as a consequence of the manufacturing process. This 
“grainless” property renders hand-made gampi tissue especially suitable for flags, 
parachutes, and the like, because of its resistance to becoming set in folds. Simi- 
larly, tough £ozo paper is valued in. shell-making because its tensile strength is 
equal in both directions. Occidentals sometimes mistakenly refer to these as “rice 
papers” but in fact they are made from other plant fibers.”* A coarse, unsized 
paper is found in Chinese firecrackers, and this too is often hand-made, not 
because of any specially desirable propertics, but merely because primitive condi- 
tions and abundant manual labor make it the cheapest available type. Straw- 
board, referred to by Weingart”*, has been replaced in the United States by chip- 
board, but is still encountered in Asian and some European manufacture. Fire- 
works intended for sale to the public are of course finished with colored papers 
and decorative printed labels. 

Case rolling (Photos 15-1 and 15-2) is a specialty unto itself, and today it is 
mostly dene by machine. Until the twentieth century alrnost all cases were paral- 
lel wound, made by rolling long strips of paper around cylindrical formers. 
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Dry-rolled casings, pasted only on the last turn of paper, were used in crackers 
and in thin-walled items such as torches. More common were wet-rolled casings 
with paste all the way through. Machine-made parallel tubes are all wet-rolled, 
from various grades of brown paper; virgin kraft is preferable for devices which 
generate high pressures such as rockets, tourbillions and hummers, Spiral-wound 
tubes, also rolled by machine, have become very common in pyrotechnics. In a 
given size, they are not as strong as parallel-wound tubes, but are significantly 
less expensive and are adequate for lower-pressure devices. 

Cardboard discs are used on ends of cylinder shells and similar devices. Many 
standard sizes are manufactured by diecutting on presses. hey are typically 
made of chipboard about V2” thick, although thinner ones may be used for s 
cial purposes. Stronger discs of kraft paper are also sold, but are more expensive 
than chipboard. 

Paper cup sets are usually kraft of about .030"-.050” thickness and are punched 
out by dies. When properly made they can be assembled to form small casings 
that are roughly spherical, and these become more rounded after a suitable coat~ 
ing process. Cup sets have been used to make the notorious “cherry bombs,” as 
well as smoke devices and even miniature star shells. Paper end plugs and end caps 
are quite similar, but are sized to fit specific tubes, either on the insides or the 
outsides. 

Shell hemispheres are available for making spherical bombshells, and are typi- 
cally 6" to V4” thick depending on size. They are sold, suitably undersized, for all 
the standard calibers of shells from 3-inch to 12-inch, and are intended to be 
built up to final diameter by repeated wrapping with pasted paper. The Japanese 
ones in particular are very regular in size and have even edges which mate to pro- 
duce smooth joints. Plastic hemisphere sets are currently popular, and other types 
of plastic fireworks casings are also on the market. 

Twine is important for many purposes in pyrotechny, ranging from the simple 
tying of a fuse into a paper nosing to the reinforcement of large complicated 
erial shells. Cotton twine is the usual choice; the more expensive but much 
stronger linen also remains in use among traditionalists. Typical sizes are 8-ply 
and 12-ply cotton, and 2-, 3-, and 4-ply linen. Aside from the different 
strengths, the “plies” of the two fibers are different sizes, so that for example, 3- 
ply flax is about the same diameter as 12-ply cotton and has a much higher 
breaking strain. 

Black powder (Photo 15-3) is the backbone of the fireworks industry and it is 
involved, in. one way or another, in all but a handful of devices. Many aspects of 
its manufacture, safety considerations and burning characteristics have been cov- 
ered elsewhere in this book. The characteristics of commercial powder vary 
somewhat from one manufacturer to another, but the granulation is usually des- 
ignated by using the letter “F,” with more Fs indicating finer granulations. In the 
United States the old DuPont sizes have heen carried over to the current Goex 
product. The composition of this firnys firework or blasting powder appears to be 
the same as that of its sporting powder, but the firework grades are usually 
unglazed and have a much larger variation in grain size. KE resembles fine black 
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gravel; it passes a 4-mesh sieve and is retained on 12 mesh. This powder is a sta~ 
ple of the industry and is used to burst shells and rocket headings, and as a lifting 

charge for projectiles ranging from small comet stars to twelve-inch spherical 
bombs. Obviously this ubiquitous “ two-F” must not be confused with the FFg 
black sporting powder used in rifles and st hotguns, which is a much finer granula~- 
tion. FA powder, even coarser than FFA, is sometimes used. to lift long, heavy 
cylindrical shells, but in normal commercial practice FFA is all that is required. 
FEFFA and FFFFFA powders are similar in particle size to sporting black pow- 
ders. AFA is the more common. of these, and is often preferred as the lifting 
charge for small shells and Roman candle stars, as well as for bursting charges. 
TEA, the same granulation as 4Fg sporting powder, is the finest grain powder 
normally offered. Tt finds some use in priming, and is also mixed into composi- 
tions for fountains and similar tube items. ‘The “A” in all these designations (dis- 
tinguishing powder made using potassium nitrate) is a survival of the days when 
a grade “B” black powder, made from sodium nitrate, was in. common use for 
blasting coal and soft rock. 

Meal powder is a very important commodity in the firework world. The com- 
mercial product comprises the fine dusty material left over after screening the 
different sizes of grain powder. Since it has been through the complete process of 
milling, pressing and crushing, true meal powder represents a far more intimate 
mixture than. could be obtained merely by passing saltpeter, charcoal and sulfur 
through a sieve. Meal D consists of particles 40 mesh and finer, and is widely 
used in fuses, fountains, gerbs, wheel drivers, spinning devices, rockets, stars, and 
priming. Fine and extra-fine meal powders are also offered. Because they are 
bulkier and messier to handle, they axe not commonly used in compositions to be 
rammed in tubes. However, some pyrotechnists prefer these very fine powders for 
priming stars. Although it is not usually available in the United States, powder 
mills in some countries produce a sulfurless meal, containing approximately 70% 
saltpeter and 30% charcoal. This product is primarily used for priming stars 
which contain ingredients that might create a greater hazard in contact with sul- 
fur, such as chlorates or magnesium powder. 

Commercially milled black powder is relatively expensive, and its fast burning 
rate is not always desirable; thus most firework makers produce their own slower 
meal powder as well. Typically the three ingredients are charged into a cylindrical 
container with balls of lead, bronze or other non-sparking material and the con- 
tainer is revolved by mechanical means for several hours. Often a small percent- 
age of a water-soluble binder such as dextrin is added, so that the finished pow- 
der will be ready for use as priming, or for granulation by a wet process. Care and 
cleanliness are important in this operation, because many of the chemicals used 
in fireworks would be very hazardous in a ball mill. However, when used. only 
with black powder ingredients, the process has a good safety record. Many com- 
positions for fountains and tailed stars produce impeccable results with such 
cheap “homemade” powders. Others definitely perform better with the more 
energetic commercial Meal D. Often it is necessary to make experimental trials 
to determine whether the price difference is justified, 
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Few if any firework manufacturers go to the trouble of subjecting ball-milled 
powder to hydraulic pressure, and then breaking up the cakes as gunpowder mills 
do. However, wet pro ¢ are often used to make special types of granulated. 
powder which are used in zrial shells and other large pieces of fireworks. ‘The 
usual “rough powder,” or palverone is made from black powder ingredients with 
the addition of about 5% dextrin as a binder. The proportion of the other ingre- 
dients varies slightly; there is often a lower oxidizer content than in commercial 
gunpowder, The composition is not normally milled, but is mixed by passing it 
through screens. The addition of water, often hot, incorporates the ingredients 
further but is primarily a means of forming the powder into granules. At approx- 
imately 20% water content the mixture is pliable enough to be formed by hand 
into masses resembling meat patties or black snowballs. It is then rubbed 
through a coarse screen of about 4 mesh; 4 X 4 galvanized “hardware cloth” is 
readily available and is in commen use. for this purpose. The resultant granulated 
material is caught on screen-bottomed trays lined with sheets of paper (Photo 
15-4); if desired, it may be gently rescreened while still moist to eliminate any 
large clurnps. When the powder is dry it is usually shaken on finer screening, like 
that used for windows, to sort out dust. 

Rough Powder (Polverone) 


Potassium nitrate 6? 64.5 
Charcoal, air float 16 16 
Sulfur it 13 
Dextrin 6 65 


The dust may be used for priming or other purposes, or it can simply be passed 
through the process again. Many manufacturers sift their polverone into different 
grades, for example 4 to 8 mesh and 8 to 20 mesh, for use in different stzed fire- 
works. Such powders burn much more slowly than commercial milled powders, 
and are less powerful, but their use is not only as a means of saving money. Ta 
some cases they are chosen where a gentle burst is desirable, and they may be 
combined with commercial powder or other materials to give a wide variety of 
power levels. Polverone has special significance in the Italian style of cylindrical 
bombshells, where it may be described as a combustible filler material. Other 
burst powders, including chlorate and perchlorate mixtures that would not be 
safe to mill, can be granulated by the same type of wet process. 

Many types of fuse are used in fireworks, both as timing devices and to insure 
positive function. Metallized “igniter cords” designed for blasting operations have 
seen rather extensive use in recent decades, but firework applications are not 
sanctioned by the manufacturers of the cord, and its availability is sporadic. Slow 
match is simply cotton cord impregnated with saltpeter or another nitrate oxidiz- 
er, and is rarely seen today. It was seldom used as a fuse, rather being a source of 
fire to ignite other fuses or powder trains, somewhat like a punk. Also uncora- 
mon today is teuch paper, tissuc paper (typically blue in color) dampened with a 
solution of saltpeter, then dried. This was formerly wrapped around the tops of 
certain consumer fireworks like small fountains and torches. 
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All the commonly used types of fuse depend on black powder in one form or 
another. Quickmatch has many applications and is practically essential for non- 
electrical firing of large displays. Even where electrical igniters are used, it is still 
important for mternal components of wheels, shells and other complex fireworks. 
Match is produced by soaking soft, unbraided cotton cord in a slurry of black 
powder and water, which contains a small percentage of an adhesive such as dex- 
trin, starch, or gum arabic. In practice the best match is made with commercial 
meal or fine grain powder, which is easily reduced. to a paste when hot water is 
added. Five to fifteen parallel strands of small twine may be used, and the prod- 
uct is drawn through a simple die ~ often the spout of a small funnel ~ to strip 
off the excess powder slurry and to help give the match a rounder shape. [t is 
then wound on a frame, where it is optionally dusted with more meal powder, 
and allowed to dry. 


Good match is quite dense and stiff, yet may be bent double without losing 
much of its coating. When cut cleanly across the end it ought to show black all 
the way to the center of the bundle of cotton strands. Its normal diameter is at 
least“ inch, but smaller sizes are made for special applications. In the open. air 
without wind it burns about two to four inches per second with a great deal of 
flame. 

When match is encased in a loose-fitting paper tube about 4 inch in diameter, 
the containment of hot gases causes the reaction front to travel far more rapidly. 
Published figures for its speed range frorn twenty feet per second to more than 
one hundred. This phenomenon makes an impressive demonstration for anyone 
unfamiliar with the properties of black powder and fireworks. Piped match with 
its nearly instantancous transfer of fire is most commonly seen as the “leaders” of 
rial shells, which are ignited from the muzzles of their mortars. It is used in 
connecting long series of shells used in the finales of large public displays, and it 
plays a part in many other devices such as lancework and wheels. Some pyrotech 
nists have taken to using the term “quickmatch” only for the type with a paper 
covering, and call the bare version “black match.” More traditionally, quickmatch 
is the general term, and this is further categorized as bare or piped, as the litera- 
ture", and the most recent Department of Defense specification. for this arfi- 
cle, MIEL-O-378B, both make clear. 


As with most products, quickmatch has a hierarchy of quality, and some of it is 
quite frankly of a low grade, Owing to the cost of commercial powder, it is often 
made with homemade meal or “scratch mix” which varies greatly in quality. In 
some cases this is casily detected because the match is pale grey in color, and yel- 
low particles of sulfur are actually visible to the naked eye! Also, the piping on 
commercial bundle match is rather flimsy, machine-made tube which is not 
nearly as strong as hand-rolled kraft piping. Most commercial match is perfectly 
adequate for connecting lances or finale shells, but is not the best choice for lead- 
ers or passfires on large heavy shells. The same can be said of much match 
imported from Asian manufacturers, which tends to be very fast burning but 
often. consists of several separate strands and tends to have low physical strength. 
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Bare match is sometimes surrounded by compacted clay or sawdust in devices 
used inside rockets or shells (¢.v.). This technique gives very reliable ignition and 
useful, though not precise, delays. Many consumer fireworks, s ich as fountains 
and Roman candles were formerly fused with bare match. Consumer safety regu- 
lations, which among other things require a delay of 3 to 6 seconds before igni- 
tion, have made this practice obsolete in the United States. 

The Japanese manufacture an ignition medium used in a similar fashion to 
bare match, somewhat intermediate between it and the touch-paper mentioned 
earlier. This is powder-pasted paper, made by coating strong Japanese tissue with 
black powder slurry. Upon drying, it may be used for a variety of ignition purpos~ 
es, as well as the manufacture of traditional Japanese shell fuse”. 

Bickford’s safety fuse was developed in 1831 for use by miners, and the product 
was manufactured by the original firm until about 1970". Today many similar 
brands of safety fuse are available. All are made on machines, resembling those of 
Bickford’s original design, which twist yarns around a black powder core. The 
product is then coated with asphalt, which in turn is covered with cloth or paper 
and sometimes additional threads. The burning rate is usually around 30 seconds 
per foot, although it does vary from brand to brand. Two types of Ys-inch Chi- 
nese fuse are commonly sold, the one with all white threads being slower than 
the kind which also has red threads. Some Chinese shell leaders resemble a safety 
fuse with multi-colored threads; obviously substitution could be disastrous! A 
Japanese fuse, reputedly made by Hosoya, is identifiable by its two white threads 
alternating with two red threads over a tan paper wrapping. It is considered more 
consistent in timing than the Chinese brands, but is also much more expensive. 
Common blasting or “dynamite” fuse, approximately We-meh in diameter and 
typically coated with orange wax, has a slightly slower burning rate than do the 
types intended for fireworks. Because of this, and also because its waxy surface 
does not bond well with glue or paste, it is not well-suited as a shell fuse, but it 
oecasionally finds use as a delay element in set-piece and finale work. A high- 
quality ¥s-inch time fuse is made by Newco of Cincinnati, Ohio, specifically for 
fireworks use; it has a white cloth covering, All of these fuses are convenient and 
reliable, and have the advantage of being virtually impossible to ignite from the 
side (Photo 15-5). Indeed they are not always easy to ignite from the ends, and 
they need to be primed. Black powder slurry much like that used for quickmatch 
may be smeared on the end and sprinkled with grain powder. In this application 
a non-aqueous binder (such as nitrocellulose lacquer) is often preferred so that 
water does not leach into the fuse core. In another method, called “cross-match- 
ing,” a hole is punched through the time fuse and is threaded with small-diame- 
ter, high-quality bare match. This technique is very reliable but requires more 
skill than slurry priming. 

A small-diameter spun safety fuse, without the asphalt layer, is extensively used 
in fireworks sold to the public (Photos 15-5, 15-6, 15-7, and 15-8). It is often 
called “visco” after the lacquer used to coat it, and is available in red and green, 
and sometimes other colors. It will burn under water but is not waterproof on 
long immersion like the other Bickford types. Visco is much less expensive than 
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the larger time fuses and is easier to ignite with a match or cigarette lighter, but it 
still has some resistance to ignition from the side. 

The Chinese traditionally make small fuses about 6” diameter from tissue 
paper and meal powder, which will be familiar to any reader who has purchased 
firecrackers, In the United States in 1995 the Consumer Product Safety Com 
mission (CPSC) banned this type of fuse for bottle rockets and many other small 
fireworks. It is difficult to see what the fuss was about, since most of these items 
are too small to cause serious injury even if they do ignite early. Good tissue 
paper fuse is actually preferable to much of the low-quality visco which the Chi- 
nese have since rushed to produce. 


‘Terrestrial Fireworks 
Colored Fires, Torches, and Lancework 


The simplest form of firework consists of loose powder which can be burned 
on the ground, on a tile or in a pan to produce colored flame. Called “tableau 
fire,” such mixtures were formerly sold in small boxes or cans. They were popular 
enough that they were sometimes prepared by pharmacists, when drugstores car- 
ried much larger inventories of raw chemicals than they do today. Users were 
often directed to press the powder into a wineglass or similar container, and to 
invert this leaving a conical pile of powder. Usually it is desirable to have a com- 
position which burns as slowly as possible without going out or producing exces~ 
sive amounts of residue. Thus although tableau fires are chemically related to col- 
ored stars, they rarely contain the most reactive fuels such as charcoal or metal 
powders, and the ingredients may be more coarsely ground. White fires, and 
sometimes yellow, gold or pink, may be made with nitrate oxidizers only, Other 
colors contain chlorates or perchlorates, although potassium chlorate content is 
usually kept to a minimum to avoid increasing the burning rate. 

The procedure for mixing sinaple colored fires is the same as that used for most 
other pyrotechnic compositions. “loday oxidizers are usually purchased as fine 
powders, but sorne tend to agglomerate into hard lumps on storage. Saltpeter 
and potassium chlorate are bad in this respect, and bariurn nitrate is even worse. 
Usually the oxidizer alone should be rubbed through a fine sieve of 40 to 60 
mesh before it is mixed with the other ingredients. In some cases the oxidizer 
alone may be ground in a clean ball mill, passed through a hammer mill, or 
placed in a canvas or leather bag and beaten with a mallet to break up lumps. 
After the powdered oxidizer is added to the other ingredients the mixture may be 
passed three or four times through a 20 to 30 mesh sieve. This process generates 
potentially hazardous dusts; workers need to wear masks and the mixing should 
be done outdoors or in special sheds separated from other operations. For most 
purposes it is not desirable to mix chlorates with sulfur or sulfides, and in some 
countries such mixtures are prohibited by law. Therefore separate sieves and. mix- 
ing areas usually are employed for the two classes of compositions. Ammonium 
perchlorate is particularly incompatible with chlorates, because if the mixture 
becomes wet it is likely to form dangerously unstable ammonium chlorate. 
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‘Table 15-1. Tableau Fires 
Red Green White Yellow 


Strontium nitrate 69 - - ~ 
Potassium chlorate i - - 9 
Barium nitrate - 16 - 69 
Barium chlorate - 65 - - 
Potassium citrate ~ - 67 “ 
Red gum 11 5.5 - 15 
Sodium oxalate - - - 7 
Antimony sulfide - - 22 - 
Sulfur - - li - 
Charcoal, air-floated dust 3 15 - ~ 
Wood meal 6 12 - ~ 


Nore: All compositions in this book are given in mass percentages, with rounding a6 
approptiate, to facilitate comparison; it is worth noting that most fireworks mak- 
ers actually mix in simple “parts by weight” to produce batches of convenient size. 
For example, the white fire in Table 15-1 was originally 6 pounds of potassium 
nitrate, 2 pounds of antimony sulfide, and 1 pound of sulfur. 


Furthermore, ammonium perchlorate tends to attack brass, so compositions con- 
taining it are best mixed with dedicated sieves of stainless steel or Monel metal. 
If tableau fires were more popular today they would be ideal applications for 
ammonium perchlorate compositions, which can produce very good colors with 
minimal smoke. Some of the disadvantages of ammonium perchlorate, such as its 
sluggish ignition and its incompatibility with black powder priming, would not 
be an issue with loose powders. However, for a variety of reasons tableau fires are 
far less common than they once were. Theatrical lighting is now done mostly 
with electricity, Shipping regulations, together with rules limiting the amount of 
compositions in each piece of consumer fireworks, have had a negative impact on 
the use of colored fires in backyard displays. Color compositions burn more 
efficiently, and can be stored more safely, in the form of flares or torches. 


The pyrotechnic torch is familiar to anyone who has examined a red safety 
flare or fusee. This item consists of a waxed, spital-wound tube of about 74” 
inside diameter, with the composition packed firmly inside but not rammed into 
a hard cake. A wooden plug with a handle or metal spike closes the bottom of 
the flare, while the top is primed for ignition, 


Red Railroad Flare (Fusee)” 


Strontium nitrate TA 
Potassium perchlorate 6 
Sulfur 10 
Paraffin wax or petrolarum 2-6 
Fine sawdust 8-4 
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Figure 15-1. Funnel and wire. 


The paraflin wax or petrolatum is dissolved in mineral spirits, and the resultant 
solution is used to dampen the composition. The cases are mechanically charged. 

Many torches (including the common road flares) feature what is really a giant 
safety match head, and are fitted with a cap which has a match striker composi- 
tion, on its outer surface. To ignite the flare, an outer wrapper must be removed, 
after which the cap can be inverted and scratched against the bead of ignition 
mixture, Torches intended for display rather than signalling usually do not have 
this type of ignition system; instead they are fitted with visco fuse or bare match, 
or even a simple bead of priming which must be ignited with a match or other 
flame source. As a rule, the casings of these items are strong enough only to 
withstand normal handling and shipping stresses. Having them too thick is 
counterproductive and interferes with flame production. Many torch or flare 
compositions have a slight excess of oxidizer which helps burn away the paper as 
the reaction proceeds; in the ordinary red fusee, the strontium nitrate fulfills this 
role, and the bot molten dross produced is not usually a problem because the 
device is not held in the hand. Hand-held parade torches were once a popular 
piece of fireworks in the United States. Because the dangerous dross had to be 
kept to a minimum, these torches required carefully designed compositions, and 
were usually more expensive and of shorter duration than safety flares. They are 
rarely seen today, but in Britain and continental Europe, firework displays still 
feature colored “bengal” flares that are burned on the ground. 

Portfires, though they have largely been replaced by the common red railroad 
fusee (wide supra), are still occasionally used for igniting other pieces of fireworks 
during a display. They are small torches about “4%” in diameter, filled by funnel 
and wire (Fig, 15~1), and typically burn 7-10 minutes. They are usually made 
with a saltpeter white fire or other nitrate composition, for exarnple: 
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Portfire 
Potassium nitrate 5? 
Sulfur 16 
Barium nitrate 16 
Antimony sulfide 5 
Meal powder 1 
Wood meal 5 


Burning time can be adjusted by varying the content of wood meal. 

Lances (Vables 15-2, 15-3, and 15-4) are nothing more than small colored 
flares, slightly larger chan cigarettes. They have no handles, but are closed with a 
simple paper fold at the bottoms and are primed at the tips with black powder 
slurry. Typically they are around four inches long and burn for one minute; part 
of the art of making good ones is to formulate the different colors to burn with 
approximately the same duration. Lances are used in large quantities to spell 
words and to draw pictures or geometric designs on wooden frames. It is conve- 
nient to drive double-ended nails into these frames, on which the lances may be 
impaled as needed. Once a design is completed, the lances are connected with 
piped match, which is attached to each individual lance with tape or pasted 
paper, and often with a pin as well. 

In Japan, many manufacturers make the picture’s/word’s frame out of flat 
wooder slats and then use lances with half the tube flatrened. These are attached 
using a staple gun. The lances are also equipped with a piece of visco-style fuse 
cemented into, and protruding from, the lance prime. Matching the tubes to 
burn in unison is therefore a simple task of passing around quickmatch, and 
twisting the visco-style fuse around it. This method may be particularly adapt- 
able to words in the Japanese language, as steeply curved / are less common than 
steeply curved letters in the Roman alphabet. 

Lancework may be combined with many other types of fireworks to form elab 
orate ground displays, and the pictures can be made to move by pyrotechnic or 
mechanical means. One such classic design is the salemandre, or snake-and- 
butterfly, which Ruggien’, writing in 1810, claimed as an invention of his fami- 
ly’s, and which is still occasionally exhibited (Photo 15-9). In Malta, large geo- 
metrical y-patterned lancework pieces, animated by wheel drivers and connected 
with universal joints, have been brought to the height of sophistication (Photo 
15-10). They were called to the attention of the worldwide fireworks community 
in 1981”, and have since been copied (with varying degrees of success) in other 
countries. Brock® describes “living fireworks” ~ men clad in fireproof suits 
adorned with lancework, performing various actions as the lances burnt. Large 
portraits (Photo 15-11) and landscape scenes hundreds of feet long were once 
common, especially in Britain and on the European continent. Today’s set pieces 
are rarely so extravagant, but lancework is still seen in conjunction with arial dis- 
plays, where it can represent & Hag or a company emblem, or spell messages such 
as “GOOD NIGHT.” It has even been used in television advertising, in the form 
of corporate symbols or sales slogans. The loud roar and wall of fame produced 
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by large quantities of quickmatch easily grabs an audience’s attention, and is 
almost as memorable as the fire picture itself. 

Color-changing lances are sometimes used to produce transformation designs; 
these are essentially custom projects which may be made by firework cornpanies 
for special exhibitions. Naturally, care must be taken to avoid potentially danger- 
ous situations, such as having a chlorate composition in direct contact vith one 
containing ammonium salts, which might cause spontaneous ignition if left for a 
long period of time in a damp climate. One interesting mixture which has been 
used m this type of work is the “stop,” “dead,” or “dark” lance composition, An 
example is given in Formula 5, Table 15-4. With such a lange excess of strontium 
carbonate, which is neither fuel nor oxidizer, this mixture does not produce a 
luminous red flame; instead, it smolders with almost no flame at all. This phe- 
nomenon allows part of the lances in a large elaborate picture to burn almost 
invisibly amongst the bright lights of other fireworks. When the reaction reaches 
the normal composition(s), the hidden lances blaze forth in a new design. Simi- 
lar delay cormpositions can be made with other carbonates, barium nitrate, man- 
ganese dioxide, or even powdered wood ashes. 

Current literature” suggests that traditional funnel and wire filling techniques 
and hand-rolled cases remain in use (Photo 15-12); a recent article’ suggests a 
method of “inertial filling.” The former method certainly produces an excellent 
product, but has not been im general use in the United States for many years, 
while the latter technique does not appear to have been adopted by any maker 
apart from its originators’ now defunct manufacturing business. Domestic U.S. 
production of lances is done, typically one gross at a time, on air-actuated or 
drop-type gang ramming equipment. Spiralwound tubes are used, typically 
45/6" long and 546” inside diameter, of approximately .015” wall thickness, with 
one end spun closed. The tubes are supported in a block of phenolic laminate 
material 4” thick, having 144 holes bored completely through, ina 12 x 12 array, 
so that only 940” at the mouth of each tube protrudes from the block. A funnel 
plate of brass or aluminum fits over and supports the tubes’ mouths. A shifting 
board of clay is loaded first, to form the bottom plugs of the lances; these are 
rammed, then the lance composition of choice is loaded and rarmmed in several 
increments until just short of the tubes’ mouths. The block of tubes is rernoved 
from the press and the funnel plate replaced with a flat priming plate that fits 
flush with the ends of the tubes. A handful of lightly dampened lance prime 
(Formula 3, Table 15-4) is “buttered” into the tubes with a spatula, and the excess 
squeegeed from the top of the priming plate. The damp ends are sprinkled with 
meal powder to finish them, the priming plate removed, and the block is 
returned to the press in reversed position. With the rammers thus bearing 
against the closed bottom ends, the finished lances are pushed out of the block 
using their pressure. 

The thoughtful manufacturer attempts, either through adjustment of the com- 
positions, or by varying the amount of clay used to plug the bottoms of the tubes, 
to make the different colors of lances each burn for approximately the same 
length of time, so that all lances ignited at the same time finish burning as nearly 
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simultaneously as possible. This uniformity is, at the least, an zsthetic desidera~ 
tum, and, in the case of elaborate transformation pieces, necessary to their suc- 
cess. Nonetheless, such a concern is sornetimes in conflict with other require- 
ments, such as the prevention of “chimneying,” the formation of an unwanted, 
clinker-Bke ash from the residue of the lance tube in conjuction with the dross 
from burning. Given the neglected state of set-piece work in present display 
practice, most manufacturers are forced to make compromises, and content 
themselves with turning out an economical and basically functional product, 
rather than an ideal one. 

Although the theory of color emission has been discussed elsewhere, it is 
worth mentioning here the rationale for choosing particular color-producing 
chemicals. Metal chlorides usually give the best color spectra, but most of these 
salts attract too much moisture to be useful in commercial fireworks. Just as in 
military pyrotechny, chlorinated organic substances are commonly used to pro- 
vide extra chlorine in the flame, although in many firework compositions the 
chlorate or perchlorate oxidizer itself is adequate for this purpose. When a chlo- 
rine donor is required, common choices are chlorinated rubber (ealled “Parlon,” 
“Alloprene,” “Super Chlon,” etc.) chlorinated paraffin (Chloroway), and pow- 
dered Saran resin, which is the same material used in plastic food wrap. Hexa- 
chlorobenzene is a very good chlorine donor and was formerly widely used in 
fireworks, but is less common today due to environmental concerns. Polyvinyl 
chloride, so common in military pyrotechny, is also used in display Greworks, but 
3s not so useful in vesin-fueled mixtures as in the high-ternperarure iterns con- 
taining aluminum or magnesium. Understandably, cost of ingredients is nouch 
more significant in devices intended for commercial sale than in military work. 
The fireworks industry is quite a small part of the overall chemical market, and it 
often has to make do with whatever is available. Manufacturers usually have to 
seek a balance between cost, availability, chernical stability, minima! water 
absorption and other factors. 

Strontium nitrate is mexpensive and makes excellent red colors, but is hygro- 
scopic enough that its practical use depends on the climate and the type of device 
being made. Red safety fusees invariably contain it, but they also have tight seals 
and a heavy wax coating which most fireworks lack. Strontium carbonate is mex~ 
pensive, non-hygroscopic and very widely used in fireworks, The oxalate has sum- 
dar properties, but is much more costly and is not always commercially available. 
Strontium sulfate was once popular in plain red stare but now it is usually con- 
fined to specialized compositions. As a rule it is nothing more than the native 
mineral celestite ground to a powder. Because of varying impurities, the color 
produced is often inferior to that obtained from strontrum carbonate, and today 
it also costs more than the carbonate. The chlorate and perchlorate of strontium 
produce excellent colors but are too hygroscopic for practical use. 

Barium nitrate is cheap, non-hygroscopic and very stable, especially in mixtures 
that do not contain reactive metal powders, It is extensively used in green colors 
and many other effects, but usually requires a chlorine donor to produce a 
good green. Barium chlorate readily yields a deep green without the need for 
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additional chlorine donors. Despite its sometimes fearsome reputation, it burns 
rather tranguilly with such fuels as shellac or gum copal, and quite high percent 

ages can be used in torch or lance compositions when its cost is justified. Barium 
perchlorate is too hygroscopic for commercial use. Most other stable and afford- 
able barium compounds, such as the sulfate, carbonate and oxalate, do net pro- 
duce a good color except in high-temperature flames with magnesium. Barium 
carbonate is popular in small percentages as a stabilizer (acid-neutralizer) and as 
a modifier in glitter or tremmalon (g..) mixtun 

Virtually all sodium compounds will color a flame yellow or amber, unfortu- 
nately most are hygroscopic. Sodium nitrate, so common in military fares with 
their sealed casings, is rarely seen in fireworks for this reason. Sodium bicarbon- 
ate is very inexpensive and easy to obtain, and it finds some use. Sodium oxalate 
is perhaps the most commonly used salt, but even this compound may cause 
problems under damp conditions, by reacting with oxidizers to produce sodium 
nitrate, chlorate or perchlorate. The native mineral cryolite (Na,AIF,) is among 
the few sodium compounds that are practically insoluble, and it does not attract 
moisture. It is available as a fine powder and is very useful in chlorate and per- 
chlorate compositions, but is not so useful in black powder mixtures. 

Blue and purple colors are considered more troublesome to produce than most 
others. Many preparations of copper have been employed, ranging from the 
metal itself in powder form to organic compounds like the benzoate, salicylate 
and octanoate. The best choice varies with the type of firework and the other 
ingredients in the mixture. Because copper hydroxide is a very weak base, many 
copper salts have a low pH and should be avoided in chlorate mixtures. Copper 
sulfate (blue vitriol) is one which has caused trouble in the past. Because it is 
inexpensive, always available, and not too hygroscopic, manufacturers sometimes 
succumbed to the temptation to use it in devices intended to be fired within a 
few weeks. Unfortunately, things do not always go as planned, and long-term 
storage of chlorate mixtures with strongly acidic salts Jike copper sulfate ts very 
dangerous. In fact, devices containing this particular cornbination cannot be 
shipped under D.O.T. regulations ~ certainly one of the more welcome and sen- 
sible federal pronouncements about fireworks in the United States, The same 
concerns would apply to many other copper salts such as cupric chloride, bro- 
mide, and nitrate, but these are so hygroscopic as to be useless in the first place. 
Cuprous chloride is non-hygroseopic and quite safe to use, and with its chlorine 
content is theoretically an excellent choice’. In practice it is rarely used, because 
affordable, technical grade material is not a regular item of commerce. Tradition- 
ally, Paris green (copper acetoarsenite) was the most popular ingredient in blue 
star compositions; it burns well with minimal residue, can be used in high per- 
centages, and produces a good color without chlorine donors, The sinister repu- 
tation of arsenic and the prevailing hysteria over toxins of all kinds have con- 
tributed to its abandonment, although some other common firework ingredients, 
such as the ubiquitous barium nitrate, are not exactly healthy articles of diet. 
Until about 1970, Paris green was used extensively as an insecticide, and to a 
lesser degree as a pigment; the firework industry represented only a small 
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percentage of the total consumption. The virtual abandonment of Paris green in 
firework manufacture is largely due to the fact that it is no longer regularly used 
for ether parposes. Few firework manufacturers have the time or inclination to 
make their own chemicals, and even white arsenic (As,O,), necessary as a pre~ 
cursory, is not as easy to obtain as it once was. Today, the most widely used copper 
compounds are the black (cupric) oxide, the basic carbonate, and the oxychloride. 
‘The last mentioned is not a discrete compound, but a hydrated mixture of chlo- 
ride and oxide, and it varies considerably in color and density. When of good 
quality it gives admirable results in blue and purple stars, and is especially popu- 
lar in chlorate mixtures. The carbonate is more often seen in perchlorate mix- 
tures, and the oxide works well with either oxidizer but needs an especially good 
chlorine donor to produce a deep blue. 


Waterfalls 

Waterfalls ave made with specialized torches which contain an excess of coarse 
metal powder. Long lines of these cases can be connected with quickmatch and 
suspended at a suitable height. According to Weingart’, the gold Niagara falls 
composition containing saltpeter and iron filings was loaded in iron pipes of 14” 
to 2” diameter, which could be cleaned with kerosene and reused almost 
indefinitely. This practice was obsolescent even at the time Weingart wrote. 
‘Today, most displays are not fired by the people who make the fireworks, Also, 
when waterfalls are made, they are usually silver ones based on aluminum flake 
with a chlorate or perchlorate oxidizer, and such mixtures would be dangerous in 
metal casings. Therefore cascade devices are now made with thin, consumable 
paper casings like ordinary flares. 


Waterfall 

Potassium chlorate 52 
Potassium nitrate 9 
Red gum 5 
Aluminum, bright 

{e.g., U.S. Aluminum #808) 17 
Aluminum, flicters 

(e.g., US. Aluminum #813) 7 


The mixture is dampened with alcohol in the proportion of approximately 10% 
of its weight, and charged by fimnel and rod into light paper cases 34” to 1” in 
diameter, 8” to 12” long. Instead of handles, the butt ends are equipped with soft 
iron wire which makes it easy to attach them to a rope, the underside of a bridge, 
or other support. As noted by Lancaster”, many people are inclined to use bari- 
um nitrate mixtures for safety reasons, but “there is a tendency to get a large glare 
at the mouth of the tube and a weaker drop effect.” More detail on making 
waterfalls can be found in an article in PYROTECHNICA * XIP*, 
Sparklers 

Sparklers have much in common with torches, although they have no casings. 
While they appear to be very simple devices, making them can involve many 
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complications reminiscent of those in match manufacture (see Chapter 11). The 
viscosity of the slurry and the temperature and humidity of the dryi ing area have 
significant impact on the finished product. The amount of composition on a 
sparkler is much greater than that on a household match, and it must be applied 
evenly over a length of several inches and dried without cracks or excessive 
lumpiness. Furthermore, sparklers are among the few consumer fireworks that 
are regularly used indoors, so they should not produce molten dross and the 
sparks should not persist long enough to constitute a fire hazard. The glowing 
wire core is the principal hazard, and sometimes comes under attack from con- 
sumer protection groups. However, attempts to replace the wire with other mate- 
rials have not been very successful, because its heat-conducting properties are 
important in keeping such a small column of pyrotechnic material burning regu- 
larly. Like all devices which produce fire, sparklers can be dangerous if handled 
carelessly, but considering the numbers sold, the proportion of accidents is not 
very high. In the United States, regulations permit sparklers to be retailed having 
up to 100 grams of composition, but the amount drops to only 5 grams if chlo- 
rates or perchlorates are used. A typical sparkler composition uses barium nitrate 
as the oxidizer, with fine flake aluminum powder, steel filings, a dextrin or gum 
binder and various minor additives. 


Sparkler 
Barium nitrate Ad 51 
Aluminum 25 6 
Tron powder (treated with paraffin) 19 34 
Potassium nitrate 4 - 
Charcoal ~ 0.5 
White dextrin 8 8.5 


Sparkler mixture is dampened with 30-35% of its weight of cold water, and 
mixed to a smooth and uniform slurry into which the wires are dipped. Normally 
they are dipped twice, drying in a current of warm air between dippings. White 
dextrin is the preferred binder for sparklers. Its lower solubility (as compared to 
the more usual yellow dextrin specified for stars) presents no problems when the 
water content is as great as it is in such a slurry, while the greater viscosity that 
results from its use is of positive benefit in keeping the other ingredients in sus- 
pension. 


Senko hanabi are sometimes described as Japanese sparklers, though the resem- 
blence to the Western product is slight. The effect depends upon a rapid imutial 
combustion of a mixture of potassium nitrate, sulfur, and pane soot, forming a a 
molten droplet of semi-combusted reactants from which lacy “spur-fire” sparks 
are thrown, the whole effect lasting less than one minute. Two types are made, 
one a dipped stick (hence the comparison to sparklers), the other consisting of 
dry composition twisted up in paper. Maeda’” reports the first composition, 
Shimizu” the second: 


F245, 


PYROTECHNICS 


Senko hanabi 
Potassium nitrate 54-58 61 
Sulfar 23-26 24 
Carbon (pine soot) 23-16 15 


Also sometimes characterized as a sparkler is the morning glory, really a small 
color-changing torch, about the size of a lance, attached to a wooden stick with 
twisted decorative tissue paper. 


Gerbs and Fountains 


When a strong casing is charged with a relatively fast-burning composition, 
considerable pressure may be generated as the mninture burns. Obviously if this 
pressure is excessive, the casing will burst, but when these factors are in proper 
balance it is possible to produce a controlled jet of flame or sparks. In most 
devices of this type, the burning rate is moderated by compacting the powder 
into a solid mass; pyrotechnic compositions burn more slowly and predictably 
when loaded in this manner, although most of them soon reach a point where 
further compression has no appreciable effect on burning rate. There is usually 
some gain in performance as well, since increased loading density allows more 
composition to be burned in a given space. These general principles of ramming 
or pressing Composition in tubes are the same for many types of fireworks, rang- 
ing from fountains to serpents, hummers, wheel drivers and skyrockets. Usually 
the open end of the tube is constricted for a further increase in pressure and 
cornbustion efficiency. The reduced-diameter orifice is sometimes called a “noz- 
ale,” a term adopted from rocketry; a better established term is “choke.” When 
firework factories rolled most of their own tubes, choking could be done while 
the tubes were still damp with paste. Fach tube was placed on a metal nipple of 
the appropriate size and constricted with a loop of strong twine resembling a 
garotte, or by a mechanism resembling the ins diaphragm of a camera lens. With 
high-quality paper, such pulled-i in chokes worked very well, indeed they are 
superior for some compositions, ‘Today, when most tubes are purchased from spe- 
clalist suppliers, it is not practical to choke them in this manner, and in most 
cases a clay choke works just as well. Clay is usually rammed as a dry powder, 
although it may be slightly moistened with kerosene or other liquids. 

Rammers are normally sunple rods of aluminum, brass, or bronze ~ occasional- 
ly hardwood or synthetic materials — which fit smoothly inside the tubes. 
Tlydraulic pressing is preferred for loading many tubes at one time, for sensitive 
mixtures, and for very large single devices. However, hand ramming is still widely 
practiced, using mallets of non- sparking materials such as rawhide, lignum vite, 
or lead. Such loading techniques 1 mvolve a great deal of experience and “feel,” and 
it is not possible to give detailed guidelines here. In general, larger mallets are 
used for larger items, and most tubes are rammed about as firmly as possible to 
do without bulging or splitting them, or making cracks in the composition, 
which usually cause an explosion when the device is fired. Sometimes, tubes are 
rammed in a “mould” which fits them snugly on the outside and allows them to 
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withstand greater loading pressure, but this time-consuming technique, with the 
need for high precision of case and mould dimensions, is not used as often as it 
once was. 

In some cases, a choke is made by ramming clay solid (as for an end plug) and 
then drilling it with the proper size bit. More commonly, the empty casing is 
placed on a short metal nipple and the clay is compacted around the nipple. A 
rammer drilled with a longitudinal hole, called a drift, accommodates the tip of 
the nipple and prevents it from being damaged. After the choke is formed, the 
device can be filled with rammed increments of composition. Sometimes the 
mixture is dampened with a small amount of water, alcohol or other Liquid to 
reduce dust; more commonly it is loaded as dry powder. Typically each charge of 
composition makes a compressed layer about the same height as its diameter, 
although smaller increments may be chosen where very hard and even com- 
paction is important. With a given mixture it is important to use the same size 
increments together with the same pressure setting, or when hand ramming, the 
same number of blows from the mallet. Often, two or more compositions are 
loaded sequentially in the same tube, and when the transition is made, the ram- 
ming pressure may change as well. After the final increment has been rammed, a 
charge of commercial grain powder may be added for a type of report traditional- 
ly called a “bounce.” This practice is not suited to gerbs which may form a part of 
large set pieces, and today it is usually frowned upon in consurner items. With or 
without a “bounce” it is important to have a strong plug at the end of the gerb or 
fountain, usually consisting of solidly raramed clay. 

Perchlorate and even chlorate mixtures can be used successfully in choked 
tubes, but if this is done, the balance between burning rate and choke constric- 
tion becomes more delicate. Cracking or loosening of the charge due to rough 
handling can easily turn such devices into unintentional but powerful firecrack~ 
ers. Furthermore, chlorate and perchlorate mixtures are more hazardous to ram. 
‘Therefore practically all commercial fountains are made with nitrate oxidizers 
(Table 15-5). The gerh or gerbe consists of a black powder based composition 
rammed in a choked casing as described above. This old name, from the French 
word for a sheaf of wheat, is never seen on American consumer fireworks but is 
still common in professional display work. Sizes vary, but a typical gerb is about 
¥4" id. and six to ten inches long. Traditionally, the spark-producing ingredient 
was either steel filings or an excess of coarse charcoal. Steel and iron have the 
unfortunate property of rusting when in contact with potassium nitrate, and, for 
use in fireworks, are coated with. paraffin wax, or a drying oil such as tung or 
boiled linseed, to prevent this. Since the particles of these metals used in fire- 
works are typically by-products of some machining operation such as turning or 
boring, they are usually mixed with lubricant “cutting oil” used in those process~ 
es. This must be removed by washing with a de-greasing solvent prior to coating, 
as otherwise it can interfere with successful adhesion of the wax or drying oil. 
Another very old style of gerb produces a smaller but very concentrated jet of 
white or gold flame. These are not very entertaining when fired singly, but are 
useful in set pieces to make star or sunburst designs, or, when fired at right angles 
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to each other, a very attractive mosaic pattern. Within the past century other 
modifications of the black powder gerb have become popular, notably sparkling 
or glittering effects made with aluminum. Titanium has become available at a 
reasonable price as a by-product of the aircraft industry, and is an easy way to 
produce bright silver effects. It has the advantage, like aluminum, of not requir- 
ing treatment. 

“Fountain” is a very general term applied to any tubular firework which does 
not move, but merely produces a spray of sparks. All gerbs may be considered 
fountains, but not all fountains are gerbs. One traditional type which is not called 
a gerb, although it is loaded in the same way, is the “flower pot” (Table 15-5, For- 
mula 8-12). Its distinguishing feature is a small percentage of lampblack com~- 
bined with a lot of saltpeter and sulfur, and often a sulfide of arsenic or antimony. 
Historically, the usual choice was orpiment, As)S5. This composition produces a 
great quantity of molten droplets. When expelled into the air, these droplets 
glow dull red at first, then burst into the bright gold “flowers.” Flower pot com~- 
positions burn more slowly than most gerb mixtures and are less likely to burst 
their casings; also the sparks burn cooler and are less dangerous than those pro- 
duced by iron or other metals. Traditionally, these fireworks are fitted with wood- 
en handles so they can be held while burning; they are still sold in some coun- 
tries. It is worth noting that the term “flower pot” is also applied to fireworks in a 
completely different way, to describe a star shell which explodes prematurely in 
its mortar and sprays its content skyward in a bouquet pattern. 

Some fountains do not have chokes at all, and in this case, tubes may be thin- 
ner and compositions need not be consolidated so firmly. A funnel and rod tech- 
nique is convenient for filling large numbers of small-diameter tubes. Larger 
fountains are often made with hitle or no choke when the powder charge 
inchides granules or cubes of a different composition, designed to produce points 
of colored light against a contrasting background of sparks. This is an old prac- 
tice which declined in popularity due to difficulty in adjusting the performance, 
as well as fear of raraming chlorate granules in matrices containing sulfur. Today, 
the idea has been revived, but usually with “microstars” containing magnalium 
alloy and nitrate oxidizers. The Chinese are especially adept at making such 
fountains, which have captured a large part of the consumer fireworks market. 

Mixtures containing barium nitrate and high percentages of flake aluminum 
are relatively inexpensive and produce bright silver sparks, but they burn at very 
high temperatures and demand careful selection of casings. Such mixtures can be 
hazardous as loose powder but once raramed, they are quite safe; indeed they are 
very bard to ignite and require special priming mixtures if they are to be used 
with the common visco fuse. Often they are used as secondary effects which fol- 
low a more traditional and easily ignited black powder composition. 

Conical fountains are very popular as consumer fireworks. At times they have 
earned a reputation as overpriced “ripoff” items when a large, gaudy cone con- 
tains only a small charge of composition at its tip. Such practices are only 
encouraged by government regulations which strictly limit the amount of powder 
in each cone. When well made, cones have much to recommend them as back 
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yard fireworks. Their wide bases allow them to stand solidly without being driven 
into the earth as is necessary with tubular fountains. The small tip functions as a 
useful choke, and the shape of the charge ensures that the effect increases as 
burning proceeds. This shape also permits cones to begin with a small amount of 
colored fire, which would be ineffective and possibly explosive in a choked tube. 
Cones are especially effective with traditional mixtures of iron filings and black 
powder ingredients, The shape makes hard ramming impractical, so the compo- 
sitions are simply packed in gently with a hand tool. This is one application 
where compositions may be dampened with alcohol, whether or not they contain 
a resinous binder. The end plug is usually a simple cardboard disc, glued in place. 


Wheels and Related Devices 


Wheel drivers bear a very close resemblance to gerbs; indeed they are often 
loaded with the same set of tools, and they use quite similar compositions of the 
black powder class. With drivers, the need for propulsive force and regular burn- 
ing outweighs any desire for maximum spark output, so driver compositions 
(Formule 1-3, Table 15-6) usually contain lower proportions of metal powders. 
Often they have high percentages of commercial gunpowder, either meal powder 
or fine grain such as SFA or /FA. ‘Technically, a wheel driver is nothing more 
than a type of rocket engine ~ and the same can be said of serpents and many 
other items — but these devices are never called rockets in the world of fireworks. 
Compared with skyrockets of the same size, drivers have lower thrust and usually 
much longer burning times. In loading drivers, the final increment of composi- 
tion is usually not plugged, which makes for positive fire transfer to the next 
device(s) in the series. Both ends are typically given paper nosings, which makes 
it easy to tie in quickmatch. Sometimes drivers mace to be the final ones in a 
series are equipped with reports or simply plugs of clay; then of course, no nosing 
is used, 

Drivers vary from “4” bore in small consumer wheels, up to Le” or 140” bore. 
It is rare to see them any larger because cases of this size become difficult to ram 
properly by hand, and most firework makers do not wish to invest in tooling for 
very large sizes which would be used only rarely. Thus, even the largest exhibi- 
tion wheels, instead of using 2” diameter drivers, are likely to have clusters of 
smaller ones. Common sizes ate 2”\54", V4”, and 1” bore. A four-foot wheel 
fitted with half a dozen 34” cases might be matched so they will burn in pairs, in 
trios, or all six at once, depending on the strength of the drivers and the effect 
desired. 

Pinwheels are made from long, small diameter tubes which are flexible enough 
to be rolled up in a spiral shape. Since they are unchoked, they require very fast- 
burning mixtures ~ usually with a high percentage of grain powder ~ in order to 
produce enough thrust to make them spin. The compositions are not rammed 
solid; instead the little pipes are merely poured full and are softened in damp 
cloths until they can be bent. Once rolled, they are attached to cardboard discs 
and allowed to dry. Usually the backing discs have reinforced holes in the centers, 
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which allow the pinwheels to be nailed to a fencepost or other upright object. 
They can also be fitted with a small point or protuberance which allows them to 
spin like tops on a paved road or other flat surface. Very small ones, abour 1% 
inches in diameter, are made by the Chinese and are sold under the name 
“Camellia Flowers.” 

Saxons are another type of small rotating device, with a very long history. Both 
ends of these fireworks are plugged with clay, and their vents or “chokes” are sim- 
ple holes which are bored through the sides of the casings near the ends. A saxon 
spins rapidly around its central axis. Some saxons, especially large ones, have 
been made in two pieces and joined to a central wooden boss. Normally a single 
tube is used; clay is rammed 3 in the central portion, which is later drilled to 
accommodate a large nail. Both ends can be matched to burn simultaneously, but 
this is uncommon. As a rule, the first side to burn is drilled with a second hole, 
next to the central clay barriet, and this is connected to the vent on the far side. If 
all three holes are on the same side of the tube, the saxon will rev chrection 
when the second half ignites. This is an eye-catching manccuvre which throws a 
shower of sparks, and is especially lively in small saxons with low rotating mass. 
Many traditional saxon compositions are very plain, hot-burning ones containing 
only gunpowder, saltpeter and sulfur. However, they work well with showier mix- 
tures containing excess charcoal or metal powders. Saxons are not very common 
as consumer items in the United States, and when they are seen at all it will be 
under some trade name instead of the generic term. However, they remain fairly 
common in display work, sometimes called “merry-go-rounds.” Class B saxons 
may be 44” to Va? id. and ten to twelve inches long, with quic koatch fuses. 

With all the foregoing devices in mind, a litcle i imagination will suggest designs 
for large and elaborate ground displays or “set pieces,” containing both fixed and 
moving elements. Lancework pictures can be enhanced with a wide variety of 
other fireworks. Gerbs may be arranged to produce checkerboards of fire, with 
saxons or pinwheels spinning away inside the squa Wheels are subject to 
almost endless complications, ranging from simple lances or color pots attached 
to their spokes, to very large wheels which carry many smaller ones. The color 
pots with which vertical wheels are ornamented are basically large lances, or 
short torches, 4” to 1” in diameter, and 3” to 6” long; the length varies according 
to the burning rate of the composition. The cases are formed of a few thicknesses 
of kraft paper, or they may be thin-walled spiral-wound tubes. The ends are 
plugged with clay or sawdust, and affixed with glue and a double-pointed nail to 
the spokes of the wheel in the same way that lances are attached to their frame- 
works, taking especial care that the pots are firrnly secured and do not fly off the 
wheel as it is spinning. Many compositions may be used for the purpose; the 
composition given for waterfalls makes a good pot, as do those for some of the 
illuminating colored stars and strobe stars, Formule 4-6, Table 15-6, are specifi- 
cally adapted as “case colors” for wheel pots. 

Horizontal wheels are less common than vertical ones, but can be equipped 
with waterfall cases, or they may even fire volleys of small rial fireworks 
from their rotating frames. Large fancy wheels and related ground fireworks are 
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Figure 15-2. Line rocket. 


practically curiosities in the United States and many European countries; they 
were more common 250 years ago. Many authors have blamed their demise on 
the profusion of deeply colored stars, whistles and other erial effects which were 
perfected in the nineteenth century. However, most of th components can also 
be used in ground pieces if desired, so to some degree, the issue must be consid- 
ered one of changing fashion or cultural tastes. In some countries such as Mexi- 
co and Malta, elaborate ground displays with large wheels still play a central rdle 
in firework shows. 

Line rockets (Fig. 15-2) are usually made by attaching wheel drivers to an 
empty tube which slides along a taut cord or wire. Usually the devices are made 
so as to change direction several times, and they may have drivers which make 
them spin as well. A traditional use is to carry fire from one set piece to another 
in a visible and dramatic fashion. Line rockets are also called “flying pigeons” or 
occasionally “rats.” Like other ambitious ground fireworks, they are rarely seen in 
English-speaking countries. 

In addition to wheels which rotate around fixed axes, various free-spinning 
devices are popular as consumer fireworks. Typically, these resemble one-half of a 
saxon, with a single jet hole near one of the clay end plugs. They begin with a 
fast black powder mixture, but in most of them, the main effect is due to a metal- 
fueled composition. The Chinese have dominated the market for these items, 
using rmagnalium compositions which produce good red, green and yellow colors 
and which exhibit large flames despite having to pass through the small vent 
holes. Successful fireworks of this type are usually small, with outside diameters 
of ¥2” to Ys" and lengths of 144” to 3”. The high-energy compositions rnake them 
spin very rapidly with a buzzing or whining noise. Depending on the mixture 
and the angle of the jet, some of these fireworks can fly under their own power 
and are more properly classified as rial devices. The ground types are usually 
longer in relation to their diameter, and they move with a combination spinning 
and tumbling motion, producing a flame pattern with a floral appearance. One of 
the best known of these products is the “Ground Bloom Flower,” which changes 
colors and burns about ten seconds, a long time for such an energetic device. The 
smallest of these spinners resemble Chinese firecrackers, and in fact are braided 
into flat packages in the same way. “Jumping Jacks” are representative examples. 

Serpents, squibs, ov chasers ave self-propelled tubes which resemble small wheel 
drivers. As with many firework terms, these words are often used in a rather 
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arbitrary manner and are practically interchangeable. “Serpent” is perhaps the 
most common name, and is applied to small choked cases rammed with strong 
gunpowder mixtures, whether they are fired singly on the ground or loaded into 
zerial fireworks.* Compositions ave similar to those used for small wheel drivers. 
The word “squib” is now commonly applied to ignition devices used in pyro che 
ny, especially electrical ones. However, the classical squib was a small serpent, 
about 4 inch in diameter, with a black powder report. Part of the fun in using 
squibs was to run after them and step on them; they were not powerful enough 
to cause injury through a leather shoe sole, and the additional confinement made 
a louder bang. Saucisson is a term not commonly heard today, but was applied to 
relatively short, thick serpents with reports, used as garnitures in rockets, shells 
and mines. True saucissons had pulled-in chokes, and when the report end was 
also crimped shut and tied with string, they had the appearance of small sausages 
(it is amusing to note that in Britain some types of sausages are called “bangers;” 
thus while the French named a firework after a sausage, the English apparently 
named a sausage after a firework). The term “chasers” is a relatively recent one, 
applied to serpents which are sold to the public and are meant to be fired on the 
ground. In the 1940s they were deemed “nigger chasers,” and the accepted tar- 
gets have varied with the political climate of the times; for example in the 1980s, 
similar devices were sold as “Iranian chasers.” Chasers usually end with a fash 
report, and today, whistling ones are more popular than the gold sparkling type. 


Whistles 

The whistling effect is a very common one, and has become almost inseparable 
from fireworks in the popular mind. Indeed, in television and motion pictures 
the sound is likely to be heard with types of fireworks which do not usually whis- 
tle, andl in scenes set in periods before this effect was developed! Many a curious 
youngster has dissected a whistling firework, expecting to find some kind of 
angled orifice like that in a dog whistle or an elk call, only to be all the more per- 
plexed on finding a simple, open-ended tube. In the eighteenth century and ear- 
lier, metal tubes resembling flutes were occasionally attached to large skyrockets, 
where the airflow was fast enough to make them whistle. However, the whistling 
fireworks in use today depend on specialized compositions which burn in a 
rapidly pulsating fashion. This phenomenon is explored in Chapter 21, and the 
compositions provided in Table 21-2 are also representative of those used in 
recreational fireworks over the years. 

The first published description of pyrotechnic whistles is thar of Amédée 
Denisse in 1888°, one British authority” says they were first used at the Crystal 
Palace displays in London but does not give a specific date. In any case, it seems 
safe to say that they are a development of the mid-Victorian period, and were 
very popular by the beginning of the twentieth century. ‘The original composi- 
tions were based on potassium picrate with an additive, usually potassium nitrate, 
to control the burning rate and reduce the likelihood of explosion. Picrate 


* Their curved and erratic motion suggests the movement of snakes. 
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Table 15-7. Whistle Compositions, 


i 2 3 
Potassium perchlorate - 75.2 66 
Potassium chlorate 76 ~ - 
Sodium benzoate 20 - - 
Sodium salicylate - 19.8 28 
Petrolatum 3 - ~ 
Paraffin oil - 3 
Red iron oxide 1 2 - 
Titanium, 20-40 mesh flake - - 6 


Nores: Formule 1 and 2 are due to ©: tap". "The paraffin (mineral) oil or petrolatum 
are mixed with toluene or other suitable solvents, and the solution is then added 
to the salicylate or benzoate in 4 mixer to form an emulsion. Finally, the oxidix- 
er is mixed with the emulsified ingredients by kneading, granulated through a 
sereen, then dried. 


whistles are still made in some countries; they are admired for their clean shrill 
sound, and their black smoke trails give them an added dimension for daytime 
use. Ewen so reliable an author as Tenney L. Davis has stated that picrate whis- 
tles, and colored stars made with picric acid, are too shock~sensitive to be used in 
shells ~ something which is not really true. Some of the old Ttalo-American 
firms for many years used enormous numbers of picrate whistles as shell garni- 
tures. However, today picric acid and its salts have a reputation for being very 
hazardous and are rarely found in any kind of commercial product in the United 
States. Many people assume that an unacceptable level of danger forced the 
change in whistle manufacture. The truth is that all whistle compositions are 
quite sensitive to shock and friction, and must be handled with great care. The 
potassium chiorate/gallic acid mixture, the earliest “safe” alternative, is actually 
more sensitive to friction than potassium picrate. In loos powder form, whistle 
compositions are almost as explosive as flash powder; in fact, the original 
whistling chasers did not use a separate mixture for the report but simply had 
their last increment of powder loaded loosely, instead of compacted. The use of 
pieric acid does have many drawbacks. The picrates of heavy metals are truly 
dangerous primary explosives, comparable to the materials found in bias ing 
caps, and for this reason picric acid should not come in contact with the brass 
sieves, lead ramming blocks and similar tools so common in firework. factories. 
Iron and steel are to be avoided because of the spark hazard, so a dedicated set of 
aluminum tools ~ which wear out faster than brass or bronze — is about the only 
practical option for working with picrates. Because of the decline in its use for 
other purposes, a technical grade of picric acid is usually not available, and the 
laboratory or reagent grade costs around $30 per pound. Picric acid and soluble 
picrates are powerful yellow dyes which ar messy to handle. Finally, the name is 
aptly derived from the Greek (aixple), meaning bitterness, and even a small 
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amount of dust in the air tastes like a dose of quinine. As Lancaster” says, 
“Pictic whistles are not popular with firework makers mainly because no one 
cares to work with them.” 

Fortunately, many different aromatic compounds ~ thar is, those having struc~ 
tures which include the benzene ring ~ will burn in a suitably oscillatory manner 
when combined with a chlorate or perchlorate oxidizer. As usual, cost and avail- 
ability are of paramount importance for commercial work. Gallic acid is still in 
use, and phthalate salts are reportedly used by the Chinese, but today the most 
common whistle fuels are sodium salicylate, and the benzoates of sodium and 
potassium. The pot im perchlorate/benzoate version is pro vably as sale as any 
composition in this class. Sometimes catalysts, such as iron oxide or other transi- 
tion metal compounds, are added to these whistle compositions in order to alter 
the pitch or increase performance; usually the catalysts increase sensitivity as 
well. Formule 1 and 2, Table 15-7, illustrate the use of iron oxide as a catalyst. 
They also contain either paraffin oil or petrolatur (vaseline) to help lubricate the 
mixtures, lowering the danger from friction in mixing and filling, and protecting 
to some degree against uptake of moisture. Their use has an additional benefit 
beyond safety, facilitating granulation, and so making the mixtures free-flowing 
in shifting-boards used for loading. 

Whistle tubes are not pressed completely full, an empty space about an inch 
long is customary at the open end to produce the sound. The sound will vary 
somewhat with the length and diameter of the tube, but only a limited amount 
of “tuning” is possible since each composition has its own preferred frequency 
range. Larger diameter tubes produce louder noises, but a point of diminishing 
returns is quickly reached so that, for example, a one-inch diameter whistle may 
be only slightly louder than a half-inch, even though it burns four times as much 
composition per second, Large whistles are more likely to explode and are much 
more destructive when they do so. Therefore, whistling components, both in 
consumer and in display Greworks, rarely exceed Yo-inch inside diameter. Whis 
tles may be combined with practically any other type of firework, and are espe- 
cially popular in fountains, wheels, and zrial shells, Recently it has become a 
common practice to add titanium to whistles, producing a silver tail without 
much change in the sound (Formula 3, Table 15-7). Titanium does not cause a 
significant crease in the sensitivity of finished benzoate or salicylate whistles, 
although it is especially important to be careful about friction when charging 
loose powders containing this metal. 

Benzoate and salicylate whistle compositions are characterized by low cost, 
high energy output, and (except when they contain metal powders) low light 
output. These properties have made them increasingly popular as propellants in 
some tube iterns and as bursting charges in erial shells. Such uses are especially 
popular among hobbyists, and have also been adopted by some American manu- 
facturers. Needless to say, such techniques would not be recorded on a product 
label, but it is worth mentioning that if one hears a pyrotechnist speak of a 
“whistle break” in a shell, this does not always mean the shell contains whistles. 
Instead it may refer to the bursting charge itself 
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Smoke is covered extensively in Chapter 20, and as with whistles, most of what 
has been said about military pyrotechnics applies to the recreational kind as well. 
Except for white smoke, practically all the colors used in consumer Greworks are 
made by the sublumation of powdered dyes. Many of the dyes recommended in 
older literature are practically impossible to obtain now; the usual choices depend 
less on theoretical ideals than on which dyes are available in the chemical market 
at a given time. 

Colored smokes generated by chemical reactions are hardly ever seen in the 
small fireworks sold to the public. At one time, yellow smoke was commonly 
made with realgar and orpiment; these sulfides of arsenic are practically insoluble 
and are not very toxic if ingested in small amounts. Nonetheless, all arsenic com- 
pounds have been barred from consumer fireworks in the United States. Further- 
more, the arsenic sulfides, which were once no more expensive than that of anti- 
mony, are now very costly and difficult to obtain, which has limited their use in 
fireworks of all kinds. In some countries, notably } apan, they are still employed in 
special daylight fireworks, as are black smokes made from naphthalene or 
anthracene, very similar to the military types. 


Explosive Noisemakers 


Explosive fireworks are found in all countries where fireworks are made, and 
they exist in great variety. Indeed, the desire to create explosions seems to be an 
integral part of many cultures, and is perhaps older than gunpowder itself. The 
Chinese had a tradition of throwing green joints of bamboo into bonfires, where 
steam pressure causes them to burst with loud bangs. The word “firecracker” is 
often ignorantly used as a generic term for fireworks of other kinds, which if 
nothing else, reflects the near univeral appeal of firecrackers. Today it is safe to 
say that these explosives are popular with almost everyone except politicians and 
bureaucrats. In modern industrialized nations, there has been a tendency to treat 
the devices, rightly or wrongly, as an unwarranted threat to public safety. Even 
some people in the fireworks business have a distaste for firecrackers and the 
misuse which seems to accompany them, and there have been some types the 
manufacture of which was voluntarily suspended. Mote commonly they are sub- 
ject to convoluted and often ineffective laws. Some countries, such as Canada, 
completely ban flash crackers, but are relatively lenient about black powder types. 
The United States insposes a minuscule 50 mg powder limit regardless of com- 
position, and some individual states do not even permit these small crackers. 
Germany, which has long had a reputation for repressive and humorless govern- 
ment, permits vastly larger firecrackers than the “Land of the Free.” Reman 
Catholic countries such as Spain, Portugal and Malta, where fireworks are inti- 
mately associated with church feast-days, are generally quite liberal on the sub- 
ject of exploding fireworks. 

Black gunpowder has somehow acquired a frightful reputation in the media, 
but in normal quantities it requires a strong container to produce an explosion, In 


138 


FIREWORKS 


the days when it was the only explosive on the market, making loud reports 
without resorting to metal casings was quite a laborious process. Noisemakers of 
this kind were often called “maroons,” after the French for chestnuts (marrens), 
which often burst while being roasted. AU the classic works on pyrotechny 
describe maroons made from small cardboard boxes or cylinders, which were 
wound with multiple layers of str ong twine and then dipped in glue for addition- 
al strength. For countless centuries, the Chinese have made firecrackers from 
small tubes of coarse brown paper, with colorful wrappers and tissue paper fuses. 
They are able to produce enormous quantities with very simple tools; for a 
detailed account of the procedure the reader is referred to Weingart’’ and 
Davis”. The traditional black powder version, often known as Mandarin crackers 
in the higher grades, were imported into the United States well into the twenti~ 
eth century. They varied greatly in potency, one of the main reasons being the 
difficulty of getting the powder confined well enough. Most crackers of this type 
had clay at each end, and the paper was also turned in to produce a sort of crimp. 
The highest quality ones had the ends bound tightly with thread to provide a 
stronger closure. Even the best Mandarin crackers were not as loud as sinsilar- 
sized flash crackers, and today there is little demand for black powder crackers 
except where other types are forbidden. 

One very old and cleverly designed black powder device is the English cracker 
or “grasshopper.” To make these, long narrow paper tubes are filled with fine 
grain powder and are dampened slightly as described previously for pinwheels. 
Instead of being rolled into spirals, cracker pipes are folded back and forth to 
form 180-degree bends. They are tied at each bend, as well as over their whole 
length, and are allowed to dry. The powder burns smoothly in the straight sec~ 
tions, but the sharp corners provide enough confinement to produce small explo- 
sions. The frequency depends on the quality of the powder and the diameter of 
the column, but the intervals beeween bangs are quite regular in well-made 
examples. Besides being fired on the ground, English crackers were once exten~ 
sively used as garnitures in rockets, mines and shells, and when old texts refer 
simply to “crackers” it is these devices which are intended. ‘Today they are less 
common but are still available to the public; one Chinese brand is designated 
“Jumping Frogs,” which is an apt des iption of their movements. 

The widespread adoption of chlorates in the nineteenth century had a pro- 
found influence on the manufacture of freworks, including the exploding ones. 
Chlorate mixtures are much more powerful than black powder and no more cos 
ly; indeed most of them are less expensive than good grain powder. For a while, 
the old-fashioned cubical maroons were made with chlorates, but the most 
famous (or infamous) of the chlorate noisemakers was the American cannon 
cracker, which was also one of the first fireworks to be made in large quantities 
by machine. Some of the largest Chinese black powder types were also called 
“cannon crackers,” but the American version soon dominated the market, They 
had relatively thick parallel-wound casings, with end plugs of various materials 
including clay and cork. Typical fuels were sulfur, antirnony sulfide and charcoal 
dust, and sometimes powdered resins or metallic antimony, all of which make 
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very powerful mixtures with the chlorate oxidizer. These compositions are rather 
dense and have a tendency to pack or cake, which — as with powders which are 
intentionally compressed — slows the combustion and weakens the explosion. To 
help prevent this problem, cannon crackers were filled only about half fidl. One 
well-known work on homemad xplosives claims that the ideal is one-third full, 
but much depends on the individual composition. There was undoubtedly an cle 
ment of merchandising psychology involved, with a desire to make the product 
look as large as possible for a given price. Even if only a third full, cannon ecrack- 
ers made an impact, in more than one way. Old cartoons depicting firecrackers 
which resemble sticks of dynamite may seem to be examples of artistic license, 
but they reflected reality, Syalf cannon crackers were two or three inches long, 
and some of them reached lengths of a foot or more. Aside from the tremendous 
power, the relatively thick casings and hard end plugs sometimes created flying 
debris, and the types of fuse employed also contributed to the potential hazards, 
Some of the early crackers were fused with bare match, which is too fast for such 
potent explosives. Blasting or dynamite fuse was much slower and more regular, 
but its fame progression could not be observed, which sometimes caused inexpe- 
rienced users to think the fuse had gone out. Cannon crackers were fading from 
the scene even before World War IL, due partly to restrictive laws and partly to 
the popularity of flash crackers. Few people other than. pyrotechnists and very old 
men could now give an accurate description of a cannon crackes, but even today, 
some of the attitudes toward exploding fireworks which are seen in the media 
and the legal system appear to be a legacy of the cannon cracker era. 

Magnesium flash powders were used in photography from the 1860s on, and 
the explosive character of the faster kinds quickly became known. Photographers 
tended to use the slowest type that would work for any given job, and the use of 
the “hottest” ones, especially indoors, was a task for experts. Improper use could 
not only injure or deafen people, but is known to have blown the windows out of 
buildings! Except for exhibition~grade erial displays, magnesium was not nor- 
mally used in fireworks, due to its high cost and poor storage properties, When 
aluminum powders became affordable in the 1890s, firework makers began to 
experiment with them. Most were silvery flake powders with stearin coatings, 
originally designed for use in paint. Soon very fine, reactive flake powders called 
“pyro-aluminum? were being specifically made for the firework industry. Some of 
these have particles so fine that they no longer appear silver, and are called “dark” 
or (with some exaggeration) “black” ahuminum. Chlorate/aluminum flash pow- 
ders, and most perchlorate ones, have the mixed blessing of requiring very little 
confinement to produce an explosion. This property makes them dangerous to 
mix and store in anything but small quantities, but it also means that loud fire- 
crackers can be made with thin paper casings which are inexy and produce 
minimal debris. One of the earliest flash powder exploding devices to be granted 
a patent, Thomas Hitt’s “Plasheracka” of 1918 (U.S. Patent No. 1,253,596), had 
no end plugs at all. lr consisted of a thin paper bag of flash powder, tied to the 
fuse and placed in the center of a long tube. With only the air column at each 
end for confinement, this design was quite successful and was widely imitated by 
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other manufacturers. Most flash crackers do have end plugs, but with good quali- 
ty powder only thin paper ones are required. The Chinese quickly adapted their 
ancient firecracker technique to making small flash crackers, and billions of them 
have been produced. The only other difference from the old black powder version 
is that the ends do not need to be clayed or tied; with flash powder simply fold- 
ing the paper in upon itself is enough. The colored outer paper, the tissue paper 
fuses and the method of braiding into flat packs are the same. Formerly, many 
different sizes were available, but increasing restrictions have limited them to 1Y2 
inches in length in che United States, and even this not as heavily charged 
as it used to be. The smallest, called lady crackers or ladyfingeys, are only 2" o.d. 
and less than an inch long. 


At one time or another, fash crackers have been manufactured in most coun- 
tries, with slightly different designs; for example those made in England were 
called “thunderflashes.” Several styles are popular in Germany, under the general 
term “knallkorper.” Instead of using a typical fuse, the most distinctive of these 
crackers have a rammed or pressed delay column which is topped off with a 
match head composition, in the manner used on some flares or torches. Unlike 
other firecrackers which are ignited from a flame or a smoldering “punk stick,” 
these knallkérper are meant to be scratched on a match box and quickly thrown 
away: 

One of the most famous American flash crackers was made with inner and 
outer paper cup sets to form an almost spherical casing. The assembled cups were 
made rounder by rolling them in a type of cement, usually a mixture of sodium 
silicate (waterglass) with chalk and zinc oxide, which produces a hard shell. 
Originally sold under the prosaic name “globe flash salutes,” they became much 
better known as “cherry bombs.” Since the casings were often colored red and the 
“stems” of visco fuse were usually green, the name is a particularly fitting one and 
remains a part of firework folklore to this day. 

Probably the most notorious of all firecrackers is the “M-80,” developed as an 
Army simulator for use in training exercises. There is amusing irony in the fact 
that a device so closely associated with delinquency and mayhem was originated 
by the federal government. Indeed, after World War UL, military surplus M-80s 
were actually sold to the public by mail order. They were so well received that a 
civilian version was soon being manufactured, using the same famous name. The 
M-80 casing is a thin spiral-wound tube, %40” id. and 112” long, usually red in 
color. The visco safety fuse enters through the side of the casing, and both ends 
have cup-shaped. paper plugs glued in place. M-80s were well filled with high- 
grade powder and were very powerful for their size, but there is nothing unique 
about the basic design. Many sirnilar crackers, both larger and smaller, also found 
a ready market. Silver salutes, for example, were slightly smaller than M-80s and 
were simply named for the color of the tubes. In addition to manufacturers” 
names, there are a great many slang terms for crackers of this type, such as “ash 
can.” Tt is perhaps a comment on the changes in society that these devices 
became closely associated with juvenile delinquency. The massive cannon 
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crackers of 1910 could destroy hands and arms, or even kill people outright, but 
most reformers at that time focused on accident prevention. Fifty years later, 
injuries were still an issue, but the emphasis was on deliberate vandalism, and all 
too often big firecrackers were deemed guilty by association. Mailboxes and trash 
cans were popular targets, and water-resistant visco fuses added further possibili- 
ties. One particularly dramatic stunt, perhaps more often the subject of “urban 
folklore” than actually perpetrated, was to flush an M-80 or cherry bomb down a 
toilet, where the explosion would burst Pipes with spectacular results. In the 
United States, all the large flash salutes were banned from open sale by 1966. 
They are still available under permit for special purposes, such as frightening 
birds away from crops. 

As with alcoholic beverages during the Prohibition era, and many other illegal 
drugs today, wherever a strong demand exists, there are usually people who will 
provide a supply. Flash crackers are among the easiest of all frreworks to make, 
and unless large quantities of powder are accumulated, they are quite safe for 
those who make them. Despite stiff, indeed ludicrous, penalties for selling them, 
black market or “bootleg” salutes are readily available in many parts of the United 
States. Some of them remain faithful to the old standards, while others have low- 
quality fuses, hard plugs, or powder leaks, and are more dangerous than the origi- 
nals. Besides the universal M-80s, one hears of “bulldogs” (short and fat?), 
“blockbusters” (presumably big), and various arbitrary sizes such as the “M-100” 
and “M-200.” Some come with names or sales pitches revealing how many it 
takes to equal the proverbial stick of dynamite. This is quite an achievement con- 
sidering that true dynamite ~ as opposed to other blasting agents ~ has not been 
manufactured in the United States since the early 1970s, and even when it was 
made it came in many different strengths. Obviously there are no teal standards 
for a product which is completely off the record, so the best advice for anyone 
who encounters bootleg salutes is to assume all of them to be dangerous, 

The irrepressible appeal of large forbidden firecrackers has inspired some 
American companies to sell legal imitations. These pitiful frauds are usually 
made with red spiral-wound tubes and have various suggestive names such as 
“M-50,” “M-70," and “M-88” or even “Baby Dynamite.” Stillborn dynamite 
would be a better description, since all these items are subject to the same 50mg 
limit as the smallest Chinese crackers. Indeed, with the tiny powder charge seat- 
tered in an oversized casing, many of the pretenders are neither as loud nor as 
good as the ordinary one-inch firecracker, They are analogous to the “near beer” 
of the 1920s or the barely legal stimulant capsules sold in truck stops today, 
except that the underpowered booze and drugs probably dor’t really fool any- 
body. Due to government paternalism, there is a whole generation of Americans 
with very little idea how powerful a small firecracker can be. Grave warnings 
such as Do Nor Houp IN HAnp are mostly for show on the look-alikes, which 
are not even potent enough to break the skin. If people tomed to these 
items encounter bootleg M-80s, or if the real thing should be legalized again, the 
false sense of security could prove disastrous. Furthermore, the look-alike salutes 
are very expensive compared with other 50-milligram firecrackers. 
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‘Torpedoes, in firework parlance, are not devices fired in the water. The name has 
been applied to many different iterns which explode from impact instead of 
requirmg a spark or flame. Like other explosive fireworks, torpedoes were for- 
merly manufactured in much greater variety and in larger sizes. For more 
detailed information, the reader should consult older works on pyrotechny by 
Weingart™ and others, or the recent Impact Firecrackers by A. J. Smith. Since 
many people do remember torpedoes, and they are stil] found in other countries, 
a brief description follows. 


‘Toy paper caps axe made with potassium chlorate and red phosphorus, which is 
the most unstable and sensitive mixture found in commercial fireworks, Special- 
ized machinery for their manufacture is shown in Photo 15-13. One type of tor~ 
pedo can be made with caps of this kind, larger than those sold for cap pistols, 
and surrounded by fine gravel. Similar compositions were sometimes used in tor- 
pedoes made of compressed clay or other substances. 


Globe torpedoes were the most famous and powerful of the traditional kinds. 
They were made with the same type of paper cup sets used for cherry bombs and 
were coated in a similar manner, being tumbled in barrels while wet until they 
were almost perfect spheres. Compositions were usually based on potassium 
chlorate and antunony sulfide; this is much less sensitive than the chlorate/red 
phosphorus mixture. The greater weight of globe torpedoes, and the friction pro- 
duced by the gravel filling, were enough to make them explode when thrown 
against a hard surface. Unfortunately, the gravel contributes to the hazards, and 
these potent torpedoes were restricted in many states even before federal law did 
away with all firecrackers of comparable size. 

Cracker balls were sroall Japanese torpedoes of the globe style, containing a 
somewhat more sensitive mixture of potassium chlorate and arsenic disulfide 
(realgar) together with gravel. 

Paper or silver torpedoes are rnade with silver fulminate, a primary explosive 
even more sensitive than the mercury fulminate once used in blasting caps and 
primers. The compound must be made in small quantities by rework makers as 
it cannot he shipped or stored in bulk. These torpedoes are mostly fine gravel; 
the only casing is a single layer of tissue paper, twisted shut to form a tail. In the 
United States they are the only survivors of the formerly large family of torpe~ 
does. As might be expected, only the smallest are still permitted: the various 
brands of “poppers” or “snappers” contain only a quarter grain of fulminate, or 
about 15mg. They make a very sharp crack which displays the power and bri 
sance of silver fulminate, but are mild enough that they can be crushed between 
the fingers without discomfort. Torpedoes are traditionally packed im sawdust to 
help prevent accidental explosion during shipping. 


When more powerful torpedoes were marketed, they were understandably 
popular among children, and pranketers of all ages. However, torpedoes are rarely 
found on the underground market, probably because they require much more 
skill to make than flash crackers, and expose the people producing them to more 
danger. 
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Paull crackers or “booby traps” have no fuses, and are distinguished by the long 
string which comes out both ends of the tube. In fact, a single piece of twine is 
doubled back on itself within the casing. These crackers depend on a highly sen- 
sitive mixture containing, among other things, red phosphorus. ‘The composition 
is applied as a wet slurry to the ‘loop of twine before it is rolled up tightly in the 
paper. When it is dry, the friction of st vaightening the twine is enough to make it 
explode. Pull crackers are used for practical jokes by tying the strings to a door, 
toilet seat, or other object which, the intended “victim” is expected to move. A 
similar device is contained in party favors which scatter confetti when the 
exposed string is pulled. 


Snakes 


Pyrotechnic snakes are a farniliar toy firework ty pe depending upon the ability 
of a composition to burn producing a snake-like ash. Two unrelated chemistries 
have been employed to this end. The property of the thioc yanates of mercury to 
burn yielding a snake was first discovered by F. Wohler in 1821." Mereuric thio- 
cyanate gives a better snake than does the mercurous salt. Such snakes have long 
been obsolete, banned because of concern over toxicity; current exaggerated fears 
have evidently banished the effect even from the chemistry classroom. 

The version in common use today dates from an observation made in 1867 by 
G, Vorbringer about the burning properties of nitrated pitch. Published accounts 
suggest that the best product for the purpose is “naphthol pitch,” a by-product of 
the manufacture of @-napthol, but ordinary coal tar pitch can be used. The nitra~ 
tion is done with fuming nitric acid to which a small quantity of water is added 
just prior to beginning the nitration.” The pitch is first pulverized, then mixed 
with linseed oil in a ratio of approximately 5 pitch to 1 linseed oil, and the com~- 
bined materials are nitrated with anywhere from 60 to 120% of their weight of 
acid. Existing literature suggests that a process of “nitration by kneading” is used, 
but in current practice the nitration is carried out remotely. Some makers wash 
the nitrated pitch after this process while others do not. 

The nitrated pitch will not burn on its own and requires an additive to sustain 
combustion. Depending upon the choice of additives, an afterglow reaction may 
be made to occur in the ash, resulting in a variant of the product sold under the 
name “glow worm.” Shimizu" reports the first composition; the second was m 
use in the United States prior to the cessation of domestic manufacture of this 
article approximately 30 years ago. 


Snakes 
Nitrated pitch 7S 495 
Ammonium perchlorate 25 - 
‘Tetryl (, 4, 6-trinitrophenyl- 
methylnitramine) - 49.5 
Graphite - 1 
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Aerial Fireworks 
Stars and Garnitures 


The familiar, colorful bursts of xrial fireworks depend on small pellets of con 
solidated composition called stars. Nearly all stars require an adhesive binder, 
which must be readily combustible without having a significant effect on the 
quality of the flame. The best binder depends on several factors, but the content 
usually does not exceed 5%, Exceptions occur when it is necessary to bind high 
percentages of bulky materials like lampblack or flake aluminum, or when a 
resinous fuel does double duty as a binder. At one time it was popular to add an 
adhesive solution, such as gum dissolved in water or shellac in alcohol, to the 
color composition. Today, the usual practice is to corporate the proper amount 
of binder, in dey powder form, as part of each individual star composition, and to 
add only the solvent when the stars are to be made. Dextrin, a partially 
hydrolyzed starch, is easily the most popular of these binders in the United 
States. Other water-soluble binders include gum arabic and related plant gums, 
as well as glutinous rice starch which is the standard in Japan. Alcohol-soluble 
binders include shellac and red gum, already present as fuels in many color mix~ 
tures. Aleohol is normally avoided in modern commercial operations because of 
expense, regulatory complications, more difficult cleanup, and the danger of hav- 
ing work areas filled with potentially explosive fumes. However, it can be valu- 
able with mixtures that might undergo undesirable reactions if dampened with 
water, of in situations where water would take an excessive length of time to dry. 
Solutions of nitrocellulose (in acetone, amyl acetate, or other organic solvents) 
have also come into use for compositions which react with water, especially those 
containing magnesium powder. Again, the expense and fire hazard limit com- 
mercial applications, but this technique is currently in common use for strobe or 
twinkling stars. 

Star compositions may be broadly divided into color types and streamer ot tail~ 
ing types. The basic principles of color production do not differ from those seen 
in lances or flares, but as a rule, stars have faster burning rates, Because of this 
requirement, they often contain different fuels, more finely pulverized ingredi- 
ents, or higher percentages of the more reactive oxidizers. Most colored stars are 
based on a chlorate or perchlorate with an organic fuel such as shellac, red gum, 
lactose, or rosin; in fact, when the term “color” is used in pyrotechny without any 
elaboration, it implies a mixture of this class. Despite the reactive nature of chlo- 
rates, colored stars do not ignite well from the brief flash of a lifting or bursting 
charge, and many of them can be blown out by wind until the flame is well 
established. Thus they need to be primed, typically with meal powder containing 
a small percentage of dextrin. 

There are so many compositions for colors (Tables 15-8 through 15-14) that it 
is possible to mention only a few general guidelines here. Since the early nine- 
teenth century when chlorates came into widespread use, a disproportionate 
number of firework factory accidents have been linked to them, especially when 
the mixtures also contained sulfur or sulfides. To some degree, the problem may 
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be described as a “learning curve,” since almost any color mixture is more dan- 
gerous to handle than black powder, and some of the early accidents occurred 
because of the use of open flames for heating or illumination, which is obviously 
foolhardy in the presence of any kind of firework composition. Unfortunatel 
some chlorate/sulfur stars did ignite spontaneously during drying, or from re 
tively mild friction. This was often traced to improperly washed sulfur which 
contained acid, or to soured gum solutions (also acidic); in a few cases the culprit 
was hard water, which led to the formation of unstable calcium chlorate. With 
proper knowledge, it is not too difficult to prevent these problems, but they were 
prevalent enough to cause a strong reaction against chlorate/sulfur mixtures. 
Indeed, they were banned in Britain so long ago as 1894. Exaggerated warnings 
about these old compositions are sometimes disseminated by persons who appear 
to have no practical experience with them. For example, one often reads thar 
chlorate/sulfur stars cannot be used in arial bombshells because they are too sen- 
sitive to withstand the shock of the lifting charges. This would have been news 
to the Victorians, as it would be to the modern-day Japanese, who occasionally 
use such mixtures in some of their best chrysanthemum shells, which they 
reserve for their own exhibitions. Another warning that is often repeated, but 
seldom explained, is the notion that it is unacceptable to mix chlorates with sul- 
fates, for no apparent reason other than the fact that sulfates contain sulfur. 
Problems have occurred with copper sulfate, as mentioned before, because this 
salt is strongly acidic in the presence of moisture. However, the sulfur in sulfates 
is already completely oxidized, and cannot behave as a fuel, and there is no logi- 
cal reason to expect unwanted reactions with sulfates which are insoluble or 
which have a pHi near neutral. Chlorate color mixtures containing free sulfur are 
a different story; most professional pyrotechnists consider them obsolete and 
avoid using them. At best, they are about twice as sensitive to shock as chlorate 
stars which lack sulfur.* In nearly all cases it is possible to make excellent colors 
without them. 

Aside from questions of stabilicy and price, some fuel combinations simply 
work better than others. Shellac has long been viewed as one of the best fuels in 
chlorate stars, but its high cost has limited its use, and shellac does not burn well 
with potassium perchlorate despite the latter's high oxygen content. On the other 
hand, a mixture of potassium chlorate, red gum, strontium carbonate and dextrin 

can be converted to use potassium perchlorate without much change in perfor- 
mance, Copper compounds tend to have a catalytic effect which increases burn- 
ing xates; this is especially important in perchlorate mixtures and perchlorate 
blues have become common. Charcoal dust is often added in small percentages 
to both chlorate and perchlorate stars to improve ignitability and increase burn- 
ing speed, but too much charcoal impairs the colors. Stearic acid may be used in 
small percentages to Increase flame size, but it usually does not perform well as 
the main fuel ~ except in traditional chlorate bhies containing Paris green (itself a 
fuel to some extent), where the stearin burns rapidly and smoothly. Rosin is 


KCIO, 70%6/Lactose 30%: 43 cm drop 
KCIO, 70%0/Sulfur 30%: 23 cm drop 


* drop hammer test results, per Shimiz 
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another fuel which has a very high oxygen demand and is normally used only in 
small percentages. A partially oxidized rosin called “Vinsol””* is commonly avail- 
able, and for most purposes, the two materials may be considered interchange~ 
able. Synthetic resins find much less use in fireworks than in military devices. 
One exception is the phenolic type, which has good burning characteristics in 
perchlorate mixtures. Resorcinol-formaldehyde resins have been used to a limited 
extent, but phenol-formaldehyde resins are less expensive and are available in 
greater variety, including powder form. The archetype of this group is Bakelite, 
used since 1907 for such items as electrical switches and screw-on bottle caps. If 
the medium is alkaline and the ratio of phenol to formaldehyde is less than 1:1, 
the result is a “resole” resin, such as Bakelite. Reaction of phenol with formalde- 
hyde in a ratio greater than 1:1 under acid conditions produces thermoplastic 
resins called “novolacs,” the type normally used in pyrotechnics. Some of these 
materials are photoreactive and also tend to reagglomerate if stored for long peri- 
ods; consequently they are often kept in large pieces and ground as needed for 
use. The pyrotechnic properties of these resins are discussed by Shidlovskaii’’ 
under the name “Iditol.” In recent years they have been extensively used by the 
Chinese and have also been adopted in some other firework producing countries, 
notably Brazil. 

Blue stars have a reputation for being difficult to make, and this has probably 
been over-emphasized. It is true that a good deep blue requires more attention to 
the quality and proportions of the ingredients than most other colors, but there 
are many published recipes which work well. Purple is the only common star 
color which is mixed like an artist’s paints; that is, purples depend on a delicate 
balance between the red light of strontium and the blue of copper. In some cases, 
a change of less than one percent in the ratios can have a significant impact on 
the color. Many shades of purple and violet were used in the nineteenth century; 
the color languished for a time but has made something of a comeback. Some 
types of color compositions give excellent results over a broad range of mixture 
ratios. A good example is provided by these deep red effects recommended by 
Weingart”: 


Parade Torches Box Stars Cut, Pumped or Candle Stars 
Strontium nitrate 16 (59.3%) 3 (41.4%) 6 (8.7%) 
Potassium chlorate 8 (29.6%) — 3 (41.4%) 6 (38.7%) 
Shellac 3 (11.1%) 1 (13.8%) 1 (6.5%) 
Fine charcoal ~ - 2 (12.9%) 
Dextrin ~ VY (3.4%) VY (3.2%) 


Colored stars which contain fine aluminum or magnesium powders, or an alloy 
of the two, burn more brightly and may be called “electric” or simply “brilliant” 
stars. Electric stars are sometimes made with nitrate oxidizers only, and chlorine 
donors as necessary. Such compositions are essentially the same as those used 
in military signals. Storage concerns and difficult ignition limit their use m 


* Trademark of the former Hercules Powder Co. 
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commercial fireworks. Plain white stars, without metal fuels, are traditionally 
made with saltpeter, sulfur, and antimony sulfide or realgar, often with small per- 
centages of meal powder and other ingredients. Pure white stars, even without 
arsenic, are uncommon today and good ones are more likely to catch the eye of a 
pyrotechnist than the highly publicized blue. Traditionalists do not consider 
these color stars, but in most cases they are not tailed stars either. 

Perchlorate stars have become increasingly common in some places, and there 
are those who actively discourage the use of chlorates even with resin fuels. 
Chlorate stars are barred from consumer fireworks in the United States, but are 
still common in display fireworks. Perchlorate stars are more difficult to ignite 
and usually burn more slowly they produce a smaller fame from a given size 
star, and in some cases, the color is simply not as good. Stars containing pota 
um perchlorate and sulfur have occasionally been used but never became very 
popular. Current enthusiasts of perchlorate stars often bolster their performance 
with catalysts, metal powders, or reactive organic fuels such as benzoates, but 
these materials i increase sensitivity as well. Pyrotechny in general, and making 
colors in particular, are good illustrations of the cliché, “there’s no such thing as a 
free lunch.” This is even more true of the ammonium perchlorate stars which are 
popular among firework hobbyists. Unlike the potassium s salt, ammonium per- 
chlorate readily produces deep colors with good flame size. But in addition to the 
other disadvantages of perchlorates, the ammonium salt causes problems with 
the most common material in fireworks, black powder. Ammonium perchlorate 
reacts with saltpeter to produce ammonium nitrate, which attracts water and ren- 
ders the material unignitable. Stars made with this oxidizer often require at least 

two different kinds of priming (Table 15-16). Typically, a mixture of potassium 
perchlorate and resin fuel, perhaps with a small percentage of silicon or alu- 
minum powder, is coated on the ammonium perch] orate stars. After this is dry, a 
black powder prime is added to ignite the potassium perchlorate prime. At least 
one of these priming layers should be bound with a non-aqueous system, such as 
nitrocellulose lacquer, or the ammonium nitrate problem is likely to occur in 
spite of the intermediary layers’. Ammonium perchlorate mixtures are not 
immune from sportaneous combustion. Unwanted reactions are particularly 
common in mixtures which contain magnesium, and the best way to prevent 
them is to bind the whole star with nitrocellulose. In addition, the magnesium or 
magnalium must be given a surface treatment to protect ic against corrosion. The 
most common method employs potassium dichromate. Vor every 1000g of metal, 

50¢ of potassium dichromate is dissolved in 300 ml of hot water. This solution is 
intimately mixed with the metal, and the latter then dried by heat, with frequent 
stirring to prevent formation of lumps". Additional dichromate is added to the 
composition to buffer it against reaction. Since potassium dichromate is an irri- 
tant poison, an alternative coating method using ammonium metamolybdate 
LONEL),Mo,O,,) and ammonium dihydrogen phospl hate [(NH,)FL,PO,] has 
been recommended’. This is reported to give corrosion protection superior to 
that afforded by dichromate treatment. As might be expected, manufacturers are 
unwilling to perform these additional and bothersome steps except where there is 
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a compelling reason to do so. Ammonium perchlorate is employed mainly in 
metal-fucled compositions, and most of what is used by firework manufacturers 
goes into strobe or twinkling stars (Table 15-17). The compositions, which con- 
tain magneshure of a magnesium/aluminum alloy (magnalium), burn in an oscil- 
latory two-stage reaction: a “dark” phase which is barely visible, punctuated by a 
brillianc “flash” phase ~ resembling a strobe light. Other oxidizers can be used in 
strobes, but ammonium perchlorate produces an especially wide range of good 
colors. Normally, the mixture also contains a sulfate of the appropriate metal, 
such as sodium for yellow flashes or strontium for red. The aramonium perchlo 
rate sustains combustion during the cooler “dark” phases, while in high-tempera- 
ture reactions with magnesium, sulfates also function as oxidizers. Strobe stars 
are usually small and are not used in great quantities compared to other shell 
components. Thus the difficulties of working with ammonium perchlorate and 
organic solvents are not as bothersome as they would be with ordinary colored 
stars. 

Tailed stars contain an excess of fuel in the form of charcoal, lampblack, or such 
metals as aluminum, titanium, ferro-titanium, steel filimgs, and zinc dust. Most 
stars in this group use salepeter as an oxidizer ~ in fact, some of them contain 
commercial meal powder ~ and these require little or no priming. In general, the 
mixtures resemble those used in fountains, except that stars contain a binder. As 
with colors, there are often “families” of streamer compositions, where the great- 
est difference between two effects is the burning rate. For example, a star con- 
taining 35% saltpeter and 50% charcoal. dust (with sulfur and a binder) burns 
quite slowly with a long, subtle tail, and is typical of “weeping willow” effects. 
With 48% saltpeter and 40% charcoal, combustion becomes much livelier and 
the mixture is suitable for chrysanthemum shells, or for all-purpose gold stars to 
be mixed with color effects. With 70% Meal D, 25% chaxcoal and 5% dextrin, 
even a large one-inch square star burns in Jess than two seconds, When properly 
made, such stars leave thick, bushy tails and can be used with extra~powerful 
bursting charges to produce a “spider” effect. Even seemingly stmple stars like the 
charcoal types (Table 15-18) are subject to great variation in quality, depending 
on the mixing technique, final moisture content and other factors. Charcoal itself 
is a major variable; many different types are used by firework makers and those 
which give the greatest propulsive force in gunpowder or rocket mixtures are not 
necessarily those which are best for producing sparks. Pine charcoal is highly 
regarded for streamer mixtures in Japan, but in the United States most manutfac- 
turers depend on a commercially available charcoal made from a variety of hard- 
woods, including maple and hickory. It is a general-purpose product which does 
not give top performance in most firework applications, but is reasonably consis- 
tent in quality. Metal powders are chemically simple but are subject to wide vari- 
ation in particle size and shape; this is especially important with aluminum. Tron 
and steel filings are more seldom used in commercial fireworks than the older lit- 
erature might lead one to believe, mostly because they have to be specially treated 
to prevent corrosion. Today when it is desirable to have gold sparks brighter than 
those of charcoal, a common practice is to use aluminum, or an alloy of iron with 
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Table 15-14. Orange Stars. 


I 2 3 
Potassium chlorate 76 ~ - 
Potassium perchlorate - 58.5 47 
Sodium oxalate 4 125 - 
Cryolite - - AS 
Calcrum carbonate - - 11 
Strontium carbonate 4 - - 
Strontium oxalate - 4 - 
Rosin 4 17 
Red gum 8 - 6.5 
Magnalium, 50:50, 200 mesh - - 1 
Chlorinated rubber - 4 15.5 
Dextrin 4 4 AS 


Noes: Formule 1 and 2 achieve an orange color by combining the red of strontium 
with the yellow of sodium, while Formula 3 rnakes use of the pinkish-orange of 
calcium together with sodium yellow. Such composite colors require careful bal- 
ancing, often to suit particular lots of ingredients, in order not to appear simply 
to be bad reds or yellows. 


‘Table 15-15. Zinc Stars. 


1 2 3 
fanc dust 62 45 71 
Potassium nitrate 21.5 30 ~ 
Potassium chlorate - - 9 
Potassium perchlorate - - 18 
Meal D ~ 15 ~ 
Charcoal, air float 11 5 ~ 
Sulfur 4 - - 
Dextrin 1.5 


Notes: The blue-green flame color produced by compositions containing elemental 
zinc has been known to pyrotechnists since the eighteenth century; it was men- 
; pown &© PY anne ae ee : 
tioned by Lavoisier'”. Formula 1 is Weingart’s*” ‘granite star.’ Formula 2 is a 
comparable nitrate-based mixture, while Formula 3 represents the ‘electric type 
aE » F ye 
with chlorate and perchlorate. 
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titanium, which does not rust, in combination with black powder or its ingredi 

ents (Table 15-19). Some tailed stars are based on chlorates » perchlor: ates or bari- 
um nitrate, and must be primed like colored stars; those containing high percent- 
ages of flake aluminum can be particularly difficule to ignite. These tend to burn 
more brightly because of the higher fame temperature (Table 15-20). Some stars 
have a double effect, combining a distinctly colored head with a trail of sparks. 

Most of these contain chlorate or perchlorate, but one very old type is made with 
zine dust and black powder ingredients. Good zinc stars (Table 15-15) are blue- 
green with tails of delicate charcoal gold, and scem rather exotic today. Turquoise 
or aquamarine colors, with or without tails, are hardly ever seen in the more 
modern types of compositions, examples may be seen in Formuls 7 and 8, Table 
15-11. 

One specific type of tailed star which deserves further discussion is the 
tremalon or “glitter” effect (Table 15-21). These compositions burn with a dull 
yellowish flame, scattering molten droplets of dross. ‘The droplets or “spritzels” 
then react with bright flashes, at a distance from the star itself. A star moving 
through the air leaves a sparkling, flickering tail different from those produced by 
other types of streamers. In general, the flashes may be classified as white or 
gold, although off-white and pink are occasionally seen. The delay time between 
the main flame and the secondary reaction can vary over a wide range, and there 
may be a great many small flashes or only a smattering of large ones. Although 
this phenomenon is ‘subject to dozens, if not hundreds, of variations, the success- 
ful compositions fit rather narrow parameters. All of these mixtures are based on 
black powder ingredients, with the addition of aluminum. The metal may be in 
flake or atomized form, and is usually between 100 and 325 mesh, somewhat 
coarser than that used im flash powders or illuminating stars. Magnalium alloys 
are sometimes used and can add a distinctive sizzling sound to the visual effects, 
but magnesium alone does not work. Aluminum content in trermalon mixtures is 
usually between 5% and 10%. In some cases, a small percentage of coarser flake 
aluminum is included; this does not enter into the spritzel reaction, but merely 
burns, as it would in any other tailed star. Good tremalon compositions usually 
contain antimony sulfide, although in a few of them, another sulfide or addition- 
al elemental sulfur is used, The exact mechanism of the reaction is a matter of 
debate, but it is probable that the formation of molten potassium sulfide plays an 
important réle. Many additives, notably oxalates and carbonates, are used to 
increase delays or otherwise to enhance the performance. Sodium oxalate is one 
of the most popular ingredients, and usually lends a gold color to the flashes. 

‘The effect under discussion was apparently discovered around the beginning of 
the twentieth century, when aluminum came into widespread use in pyrotechny. 
Italian (or [talo-American) workers named it fremolante® for its trembling or 
quivering appearance, and this word was quickly anglicized to “tremolan” or 


* From the Italian /remolare, meaning, inter alia, to twinkle, as do the stars of the firrma~ 
ment: 
“Anco in Ciel le stelle tremuie...” 
[Ansaldi, San Giovanni Battistal 
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“tremalon.” In plain English, “glitter” is an apt description and has become the 
most cormmon term, except among some people in the industry. Moxe recently 
there have been several essays written on this phenomenon, exploring both prac~ 
tical and theoretical aspects”. These writings have reinforced the use of the term 
“slitter,” but unfortunately have expressed dogmatic and confusing ideas about 
the term “fitter.” There are now many writers who use the word “flitter” to mean 
specifically an effect with a large excess of metal fuel, in coarse particles which 
simply burn in the air (eg, Formule 2 and 3, Table 15-20). Thus they argue that 
“litter” is completely different from “glitter,” with its molten droplets and 
delayed flashes. The trouble with this distinction is that the term “flitter” already 
had a long history of use by working pyrotechnists, and was often applied to 
compositions in the tremalon class. By any name, tremalon stars are beautiful and 
versatile. They are brighter than charcoal streamers without being so bright as to 
overpower good colored stars, and they harmonize well with most other zrial 
effects. 

Another type of delayed spark is seen in “firefly” or “transformation” stars 
(Table 15-22). These are sometimes called charcoal/aluminum stars by experi- 
enced fireworks men on account of their principal ingredients. The aluminum 
content is quite low, around 596, and in the form of coarse flakes. On the other 
hand, the charcoal content is very high, typically 40%, and at first, these stars 
appear to be simple charcoal streamers. The secondary effect resembles a 
tremalon with an extremely long delay, but there are significance differences 
between the two types of mixtures. “Firefly” compositions do not contain anti- 
mony sulfide or high percentages of sulfur, and do not produce large droplets of 
molten dress. When the aluminum flakes finally ignite, they do not react with 
brief flashes, but continue to glow and flicker for a considerable length of time. 
As in many pyrotechnic mixtures, the kind of charcoal is significant; in this case 
a high mineral content promotes the effect and it is possible to enhance it by 
adding a small amount of barium or strontium sulfate”. These stars are at their 
best in large shells and rockets, since the “fireflies” may persist for 30 seconds or 
more. They provide one of the longest duration effects which can be achieved in 
zrial fireworks without resorting to parachutes or balloons. 

The crackle phenomenon, mtroduced by the Chinese, has been widely used and 
is disc’ 202° Te ig based on the thermitic reaction of 


ssed in two recent articles 
lead, copper, or bismuth oxides with magnesium/aluminum (magnalium) alloys, 
which bears some resemblance to the strobe effects discussed earlier; upon igni- 
tion a smoulder reaction begins in which the magnesium is consumed, followed 
by a flash reaction (the “crackle”) involving the aluminum. Small micro-stars or 
granules of the thermitic compositions are mixed with a gunpowder-type com- 
position to form stars (Table 15-23). 

Cut stars (Photo 15-14) are roughly cubic in shape and are very common in the 
United States. Their sharp edges and corners make them easier to ignite, at least 
in theory, but their most important advantage is that they can be produced 
quickly with a minimum of equipment. To make stars of this type, the composi- 
tion must be mixed with enough solvent to form a pliable mass resembling 
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cookie dough or modeling clay. With dextrin-bound mixtures, this usually 
requites water in the amount of ten to fifteen percent of the weight of the dry 
composition, and occasionally even more. The proper amount for each kind of 
star can only be ascertained by experience. It is important to knead the mixture 
thoroughly, and it is usually a good idea to reserve some dry composition in case 
too rouch water is added. Once the proper consistency is achieved, the dough can 
be formed into slabs for cutting. In large quantities, it is normally first pressed or 
pounded inte a wooden bex to form a block or cake, from which slices of suitable 
thickness may be cut. Smaller quantities can be pressed into a star frame, which 
is only the height of one star and rests directly on the cutting surface. In some 
cases ~ especially with non-aqueous solvents that dry rapidly ~ the mixture may 
simply be spread on the cutting surface with a spatula or roller. After the slab of 
composition is in place, it is cut into cubes with a straight-edge knife, Ordinary 
color stars are often dusted with meal powder at this point; those requiring more 
elaborate priming are usually primed after they are dry. The freshly cut stars are 
transferred from the cutting surface into drying screens or trays lined with paper. 
Cut stars typically range from 14” co 2” on a side, but they can be almost any 
size. Very large ones made of fast streamer compositions are used for spiderweb 
and palm tree shells. Cubes of 14” or less are sometimes made for use in foun- 
tains, or as cores for rolling round stars. In some of these applications consistent 
size is important, but ordinary shells work well with stars which are quite irregu- 
lar in sive. 

Not all stars cut equally well, and there are some otherwise excellent composi- 
tions which are simply not suitable for this process. Most of the difficulties in 
making cut stars are related to the high water content required. Some stars, 
notably those containing strontium nitrate or sodium salts, take an excessive 
length of time to dry and may undergo undesirable reactions in the meantime. 
Compositions that contain high percentages of fine, dense powders are especially 
finicky about water content, and adding 14% instead of 12% may mean the diff- 
erence between crumbly stars and a gooey mess which is all but impossible to 
cut. High percentages of bulky lampblack or flake aluminum can also be trouble 
some, cither by being difficult co bind or by clinging to the knife and work sur- 
faces. Often these problems can be solved by dampening with flour paste instead 
of water, or by using a non-aqueous binding system, but with some composi- 
tions, it is best to choose another forrn of star. 

Pumped stars or cylindrical stars usually have a height abouc the same as their 
diameter, or a little greater. The star “pump” which gives them their name con- 
sists of a slotted tube and a close-fitting plunger (Photo 15-15). Small stars are 
adequately consolidated by simply Y pressing the pump assembly i into darapened 
composition by hand. Larger ones require malleting or pressing like that used to 
load paper casings. As a rule, an excess of composition is pressed; the plunger can 
then be depressed until che pin stops on the edge of the sleeve. This determines 
the length of the star (some plungers have movable pins to allow different 
lengths to be made) and the excess can be cut off with a knife. With the star fully 
formed, the plunger is turned so that its pin engages the slot in the sleeve, and 
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the star can be pushed out and placed in a drying area. Obviously this method is 
far more time-consuming than making cut stars, so it is only used where there is 
some significant advantage i in dog so. The most common reason for choosing a 
cylindrical star is when it is to be used as a single projectile in a tube. In the days 
when Roman candles had a much larger share of the consumer fireworks market, 
great quantities of small cylindrical stars were required. They were often made by 
packing dampened composition into “star plates” —~ metal or plastic plates 
drilled with dozens or hundreds of holes. The stars were ejected by means of 
other plates fitted with the corresponding number of pegs. Because these stars 
were already being turned out by the thousands, they were commonly used in 
rockets and mines, as well as candles. However, even the plate method is quite 
labor-intensive and requires more investment in tooling than most other star 
manufacturing techniques. It is almost a thing of the past, and today most Amer- 
ican firework companies do not even make Va” or 4°” purmped stars. 

Large pumped stars are another matter; not only are they essential in exhibi- 
tion-size Roman candles and other tube items, they are also very useful in shells. 
When making these stars, the composition does not nced to be darapened as 
much as for cut stars ~ indeed it is counterproductive to do so. Some star compo- 
sitions can be consolidated dry under high pressure, notably the military types 
discussed elsewhere in this book. Those used in display fireworks are typically 
mixed with 5% to 8% water, which is not enough to form a dough but leaves the 
mixture damp enough to stick together when squeezed by hand. The lower mois- 
ture content reduces the likelihood of chemical reactions, and decreases the dry- 
ing time. These advantages become more and more significant as the star size 
increases. Many purmped stars are made of black powder mixtures which require 
no priming. Those which do need to be primed are usually placed in a bowl after 
drying, sprayed with water, and sprinkled with priming powder to coat them all 
over. Large pumped color stars are sometimes primed on the ends only, using a 
slurry technique. 

Pumped stars made of tailed compositions are called comeds; their applications 
range trom small paper mortars which fire a single star to the largest erial shells. 
Charcoal streamer mixtures are the mainstay, and the glitter or tremalon type is 
also very popular. Some comets are made of heterogeneous mixtures, such as 
magnalium crackling granules embedded in a matrix of charcoal composition. 
Less cormmonly, granulated black powder is included in a perchlorate/aluminum 
streamer to improve ignitability and give a better spread to the tail. For obvious 
reasons, such conglomerates are awkward for making cut or rolled stars, but a 
pump compresses them into dense, smooth pieces. Cormpositions containing 
iron, titanium, or their alloys are usually avoided in comets because they tend to 
scratch and “seize up” the pumps. Comets up to about 142” diameter can be made 
well by hand ramming, but larger ones are sturdier and more consistent if made 
on an hydraulic press. Comets made to fit three-inch mortars are common, and 
in exceptional cases they can be as large as eight inches. In the larger sizes, pasted 
paper wrapping is often applied to comets to increase their strength, or to limit 
the burning surface for a longer duration. 
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‘There are many types of fancy comets designed to produce multiple effects; all 
of these require paste-wrapping and are quite time-consuming to make. One 
kind is the “married,” “stacked,” or color-tipped comet, in which an ordinary 
solid comet is attached to a chlorate or perchlorate colored star of the same 
diameter (Photo 15-16). Because of the difference in burning rates, the color 
segment is normally a “wafer” the height of which is less than its diameter, After 
being glued togethes, the married comet is wrapped in pasted paper (leaving both 
ends exposed) so that it will not come apart under the stress of a lifting or burst 
ing charge. Finally, the color end must be primed. 

If the plunger in a comet pump has a reduced diameter portion on the end, the 
stars made will have cavities which can accommodate secondary effects. The 
most popular of this class is the crassette or splitting comet. The bole in a cros- 
sette is relatively sraall in relation to the size of the comet; for example, a typical 
144” pump leaves a hole 2? diameter and 44” deep (Photo 15-17, cross-section 
of crossette). After the explosive bursting charge is inserted, pastewrap is applied, 
leaving only the solid end and a small portion of the side exposed. Thus the solid 
portion (below the cavity) functions as a delay element as the comet streams 
through the air. The explosive component is subject to much variation from 
maker to maker. One very effective method uses a paper-cased “shot” which 
resembles a stubby firecracker, complete with a fuse of small-diameter match. 
‘Traditionally, these shots are filled with a “dark report” mixture of potassium 
chlorate with antimony sulfide or sulfur, very similar to the powder im the old- 
time cannon crackers. It is of course much more powerful than black powder, and 
requires less confinernent, yet in the thin shot casings, it is not so violent as to 
shatter the comets into dust. Today, flash powder is commonly used in crossettes, 
and it is practically the only choice in countries such as Great Britain where 
chlorate/sulfur mixtures are forbidden. There is also a tendency to dispense with 
the shot casing, charging the flash powder directly into the cavity ~ which may 
be formed with a tiny “fuse hole” or “flash hole” at the bottom, Because the pow 
der is practically unconfined once the bottom of the chamber has burned away, 
this method requires careful adjustment. A slight variation in materials may 
result in erratic timing or weak bursts. The shotless method is most suitable for 
large-scale commercial production where the time savings become significant, 
and where thousands of crogsettes can be made from the sane batch of materials 
once their performance has been standardized. Another disadvantage of flash 
powder is that the brighr light detracts from the comet tails, especially the soft 
gold of charcoal and lampblack. Some hobbyists who refuse to use chlorate with 
sulfur have broken crossettes with a variety of exotic materials, such as co-precip~ 
itates of potassium ferricyanide with a chlorate or perchlorate oxidizer. However, 
if such methods are used at all in manufacture, it must be to a very limited 
extent. Very large crossettes with bigger cavities may be split nicely with shots 
rade from commercial black powder. In a good crossette shell, the comets 
should burn long enough to achieve a wide spread, and then split as nearly 
simultaneously as possible. Premature cracking spoils the surprise, and if there 


are many stragglers, this also detracts from the esthetic value of the shell, 
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Consistent timing is also important in Roman candles, and will even enhance 
the effect of mortar-fired crossettes, especially if many are fired at the same time. 
Uniform mixing, water content and pumping pressure, plus skillful and careful 
management of the explosive component, are necessary for the best results, and 
neglect of any of these variables usually shows in the finished product. Some 
compositions siraply de not press as well as others, and any internal cracks, 
whether they occur during ramming or hasty drying, will ruin the comets. 
Although crossettes are listed by many makers of display fireworks, truly first- 
rate ones are not easy to buy. 

The term erossettes is taken directly from the Italian crietti, both words sug- 
gesting that these comets make “little crosses.” When a crossette rises straight up 
out of a mortar and some of the fragments break outward at nearly right angles, 
the spark trails may indeed resemble a cross. Also, when a crossette shell per- 
forms, many of the streaming fragments will cross each other's paths. The result 
looks much like a spiderweb, although the actual term “spiderweb” is applied to a 
different kind of shell. In recent years, a few authors seem to have drawn exag- 
gerated conclusions from the root word cross, suggesting for example that cros- 
settes are supposed to break into four even. pieces, While this goal may be desir- 
able in some applications, it is not mentioned in older references, nor do the Ttal- 
ian master shell builders, who kept the crossette alive in the Unired States, seem 
overly concerned about it. It és desirable to have reasonably even breaks, which 
are neither so weak that the fragments barely change direction nor so strong that 
the comet disappears in a ball of sparks. We might even say that a crossette ought 
to break into at least three pieces and no more than eight or ten. The emphasis 
on four pieces is encouraged by one tool maker's sale of crossette pumps that 
make a cruciform cavity (Photo 15-15, second from right). Considering the diffi- 
culty in adjusting shotless crossettes of any kind, the pre-determined fracture 
lines are not a bad idea, and these tools sell well, Mowever, most accomplished 
crossette raakers are happy if their comets break smartly at the same time, with- 
out shattering into star dust. If for some reason it is deemed essential to have 
four pieces, there is already a more positive means of achieving this, namely the 
use of “quadrant comets” which are actually pumped in four pieces (Photo 15- 
18). The pieces leave a central cavity when assernbled, and this is filled with a 
bursting charge or shot. Each set of four quarters may be asserabled on top of a 
short solid comet, or the quadrant set may be fitted with a time fuse, in which 
case it is technically a special kind of shell or pupadelle rather than a comet. It is 
hardly necessary to state that making such devices is extremely laborious, even 
when. compared with other types of specialized comets. When they are used at 
all, it is in very large cylinder shells which may take dozens or even hundreds of 
hours to construct. Such shells may be seen at special exhibitions in Italy. Appar- 
ently when all the inserts are properly made and timed, they can produce a pat- 
tern which closely resembles a checkerboard in the sky. 

Comets can be made with much larger cavities than those in crossettes; they 
may contain flash powder charges to produce loud reports, or very large comets 
may have black powder burst mixed with smaller stars. Most cornmonly, the 
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Figure 15-3. Two varieties of pillbox star (after Fulcanelli*) 


cavities are used for secondary color effects which contrast with the comer tails. 
As a rule, the holes are filled with a “dough” like that used to make cut stars and 
allowed to dry thoroughly before finishing. Lancaster’ mentions the use of a 
cavity which is just the right size to admit a smaller pumped star, already dry. 
Comets of this type are not as difficult to make as crossettes, but are still time- 
consuming because they are pastewrapped in the same way. Many times, the sec~ 
ondary effect is a bright one containing a high percentage of aluminum or raag- 
nesium; the difficult ignition. which is often a problem with these corapositions is 
easily overcome when they are surrounded by a blazing comet star Cavity or 
transformation comets tend to have long burning times, and are seen primarily in 
Class B Roman candles and large erial shells. 

Pillbox stars, soraetimes called simply “box stars,” are unique im that they are 
formed in srnall paper casings. The name recalls a time when medications were 
dispensed in round pasteboard boxes, and when true pills {as opposed to tablets 
or capsules) were commonly made. “Boxes” folded shut on one end have been 
used, especially for color-changing stars. English pyrotechnists were once fond of 
“friven” stars, made with dry or nearly dry composition. To make this type of 
pillbox the thin casing had to be placed in a mould to keep it from splitting; then 
it could be rammed full of composition like a fountain or serpent. Besides being 
laborious, this process was quite hazardous with chlorate/sulfur mixtures, and it 
is rarely if ever used today. The most common type of pillbox star, if any of them 
can be called common, is open at both ends and is filled with damp composition. 
The casing typically consists of nothing but a few turns of pasted kraft paper; 
spizal wound tubes with wails of about 146” also give good results. The length is 
usually a little greater than the diameter; for example, a 7” pillbox might be 1” or 
14? long. A piece of bare match, long enough to protrude about 4/2” past each 
end of the casing, must be held in place while the composition is pressed in, 
either with the worker’s fingers or a simple rammex. When large pillboxes are 


169 


“Jee Uy pouladurep st p BpauOJ “sre3s mo 
ayeur o1 aised Jeaym wy] ys pousdurep ase ¢ pur z ‘| wu uoRnUOpUTY aup plods snyy puz Ayyarmb co} umg pynom 
YpPTyM “Ysou QF UeUp Jof[eLus soptimd Aue oyurus on sian urnuTunye Suraats Aqrjores uodn spuadep jaya ay} Jo ssaoong 
‘suontsodiioo ato ay} UL UmuTUMTE Jo Jey) 09 FepIS wauUEUT e UF UNTER Jo ash dU} salwzjsuowp p eTMIOg “netWTYS 


Aq paisaddns se aye ay) aouvyue 07 Ajeanoadsar sayeyins wnnuosns puu winteg jo ash oy] Nanpe ,.€ pur Z eu oyM 
‘rope, Ausaf Aq pastaap Aqeuttizo se uottsoduroo oy St fT eptuuio.y prea yseds peyour yBisq v 0) usoysuen 0} smmadde ueyl 


YSTA Pea yseds peooreys pen ue YM wing oj st ‘Agary, suru ayy poydde MATUTYS YSTyA\ 03 ‘sxejs as9y} Jo Japa Wy], “SALON 


$ . - - uLnxeq 
~ sg - - ajeyns UNUONS 
~ - $9 - ajeyns WME 
Sy > - - ayey Ysou Op-QZ ‘umruwst |, 
c v ¥ Se SJa}HTY YSour O¢~g] “tunutnpy 
- OF Or - auid (eoareyD 
7 ~ - TT Yseul-qg Teoamwyy 
Sb . - 6z WOH Ie qwoowysy 
9 oP SY s9 ANYTNG 
SBE Sy Sb éY AIBA CUNISSEIO,] 


"SHEIG AYO “ZZ-ST GEL 


We 


| 
| 
; 
| 
. 
: 
i 


Shabu ean ee 


FIREWORKS 


made specifically for cylinder shells, some of them have match protruding from 
one end only, for a flush fit against the end discs of the shells (Fig. 15-3). tt will 
be seen that pillbox stars bear a strong resemblance to torches, in fact sometimes 
the compositions are interchangeable. ‘The technique is useful with many compo- 
sitions which are difficult to ignite, as well as those which are difficult to consoli- 
date as cut or rolled stars. Traditionally, pillbox compositions are chosen with 
bright, deep colors in mind, and they are often slower burning than compositions 
used for other types of stars. They frequently contain a slight excess of oxidizer to 
help burn away the paper casings. For all these reasons, old compositions intend~ 
ed for pillboxes often prove difficult when people attempt to use them for other 
types of stars. Pillbox stars are almost a thing of the past, as far as commercial 
manufacturers in the United States are concerned. However, they are still seen in 
exhibition and competition shells. 


Spherical stars are the kind which is meant when the simple term round stars is 
used. Sometimes they are called “rolled stars” after the process used to make 
them. This form of star is especially associated with the Japanese, and has 
become almost universal in Asian production. It is only in recent years that 
round stars have been adopted by Western pyrotechnists. Round stars are 
“grown” by causing successive layers of composition to adhere to some type of 
core. In Japan, rounded sand grains of 0.25-0.5ram diameter are commonly used 
as cores; other starting materials include tiny cut stars, ceramic or plastic beads, 
birdshot, “peppercorn” pasta, and many varieties of small round seeds such as 
mustard or rape sceds. Srnall droplets of water are soraetimes allowed to fall into 
a bowl of composition, causing it to agglomerate into tiny balls or beads which 
are later enlarged. A common kitchen measuring cup full of cores is sufficient to 
produce a full batch of stars. 


Whatever type of core is chosen, the process is basically the samme. Round stars 
may be made by hand in a round bowl, as described by Shimizu”, but in indus- 
trial production a rolling machine (little more than a cement mixer rotating a 
highly pol lished drum or bowl) is typically employed (Photo 15-19). A quantity 
of cores is loaded into the bowl and an amount of water added. As with much 
firework technique, a “knack” that is only acquired with experience enables the 
worker to determine the volume of water to use. A sprayer or atornizer is often 
used, especially at this initial stage. The grains tumble and are dampened all over 
with the water; small armounts of the desired composition are added incremental- 
ly until the grains pick up the composition and a smooth coating is produced. 
‘This is the most difficult part of the process, because the cores are sruall and light 
in weight, tending to stick together in clumps. During this stage, very light hand 
pressure may be exerted on them as they tumble over each other in the bowl, to 
keep them separate. The same procedure of dampening with water and sprin- 
king with composition is repeated a few times, until the grains tend to stick 
together less. In common manufacturing practice it is usual to grow small stars of 

| the appropriate (2. terminal) compositions. These are held as stock from 
which all the desired sizes and color change combinations are grown as needed. 
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Two distinct techniques are used for growing stars beyond the initial coatings 
of the core. In the West, the entire star is most often grown by the process of 
alternative dampening with water (or other solvents) and addition of dry compo- 
sition. In Japan, there is a particular technique in which a thin, fluid, paste (tore), 
made from the composition mixed with water, is used to dampen the stars 
between additions of dry composition. The properties of glutinous rice starch as 
a binder are especially well sutted to this method. Whatever technique is used, 
attempting to grow stars too rapidly is likely to make them irregular im size, cause 
cracking or flaking, and cause problems in drying. Shimizu has used the term 

“driven in” to denote the drying of the outer surface of the star forming a hard 
“shell” inside which moisture from incompletely-dried inner layers is trapped. 
This renders the stars next to useless. The growth increment is best kept quite 
small, with frequent intervals for drying. Care should be taken with the small 
stars if they are "ried | in the sun; they will be more sensitive to friction, etc., but 
will also be much more porous than cool stars. It is good to let them cool down 
before handling or any further coating is done. ‘The stars are grown with the first 
composition (ie., the last composition to be observed when the star is burning) 
until the desired diameter is achieved, and they are dried. 

The rolling method is the most efficient way to make color-changing stars, 
which are used in many elaborate and beautiful shells. Making these stars can 
become quite complicated, but a few general guidelines are worth mentioning 
here. The final effect of a color-changing star is often a brilliant one contaming 
metal fuel, which helps to compensate for the smaller size of the star at this 
stage. While normal color compositions de not typically have notable differences 
in burning temperatures or characteristics, and hence have no difficulty transfer- 
ring fire, such compositions as the barium nitrate-based ore (Formula 3, Table 
15-25), or some types of strobe compositions, will not reliably ignite directly 
from an adjacent cool-burning composition while moving through the air. The 
usual Western solution for this is to use an intermediate priming layer of “hot 
prime,” often containing silicon or a metal powder, or a mixed ignition layer in 
which a blend of the two compositions is present. In the Japanese technique, the 
change is easily accomplished by using the fore of the inner layer to dampen the 
stars, then adding the dry composition of the outer or succeeding layer. This is 
done a couple of times before a fore is made from the outer layer’s composition, 
from which point this is used to dampen the growing stars through the comple- 
tion of that layer. If the desired effect is from a charcoal (2.2, cool burning) to a 
flash or silver th é, with a high ignition temperature), then an intermediate layer 
of prime is used for ¢ a couple of coats: thus the charcoal easily ignites a thin color- 
style coat which easily ignites the metal-containing composition. 

One consideration with which it is necessary to deal is the danger of mixing 
incompatible compositions at the transition point between layers. c ompositions 
containing ammonium perchlorate must be separated from those containing 
nitrates or chlorates, for reasons of hygroscopicity and safety. Of a slightly differ- 
ent sort of concern is the mixture or contact of chlorates with sulfur. Such 
mixtures are almost unanimously considered best avoided, and this can be 
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accomplished easily enough by using perchlorates as oxidizers, though they have 
their own defects and the dangers of perchlorate/sulfur mixtures are themselves 
not always insignificant. However, it is worth evaluating careftilly and thought- 
fully the dangers involved when chlorates are used, since the advantages of using 
them in stars for round shells should be apparent.” 

If the layers might combine to form, say, ammonium chlorate, then another 
plan must be made, but if the result will be a mixture of chlorate and sulfur 
together with phlegmatizers and acid-neutralizers (¢.g., strontium carbonate), the 
concern should not be so great: although such mixtures are sometimes frighten- 
ingly sensitive to friction, that factor has no play in a finished, densely-consoli~ 
dated star, in which the dangerous admixture is buried well below the surface and 
is, itself, not subject to friction. In any event, as with all published pyrotechnic 
knowledge, the reader must himself assess the level of risk he is competent to 
handle, the only acceptable alternative to which is not using any of this informa- 
tion in practice, at all. 

Even when compatibility is not a problem, a thin layer of “changing relay” (e.g, 
Formula 4, Table 15-16) may be used between color layers, especially in stars for 
large, fancy, chrysantheraum shells. The relay composition burns very dimly and 
it is argued that this makes the transition between colors appear sharper and 
cleaner. To make stars with three or four color changes the worker might have to 
change compositions ten times, and then grade, and sort, the growing stars by 
size several times. In practice this is very rarely done; for carefully made stars 
having a simple transition, eg, brocade to blue, perform beautifully in the sky 
without need for such complications. 

Aside from use in color-changing effects, there are some compositions which 
simply perform better when made mto round stars, probably because they attain 
greater density from rolling than they would have if made into cut stars. This is 
especially noteworthy in willow compositions which contain very high percent- 
ages of charcoal, When metal powders are added. to these already fuel-rich com- 
positions, the final product may contain as little as 25% potassium nitrate, 
amongst the lowest oxidizer contents of all the mixtures used in display fireworks 
(Table 15-25, Fornmula 6). Yet correctly made stars burn smoothly as they travel 
through the air at high velocity. Ferro-titanium has become a common ingredi- 
ent in round stars, not only for willows but in the fast-burning chrysanthemum 
effects as well (because this alloy has hard gritty particles, it is best avoided in star 
pumps, and it can be troublesome in cut stars also). Ferro-titanium produces a 
bright golden tail, and it can be added to a regular willow effect to produce a fast 
— almost glittering ~ firefly effect, known as “brocade willow” or mishiki kammuro. 
Similarly, it can be added to a faster-burning pine coal star to give ginpa or 
“solden wave.” A different composition is used to produce the brocade effect for 


* In case they are not, a few are mentioned: good colors with large flames ate produced, 
while ignitability, ferocity of buming, and speed of burning are all high. These last issues 
are of pararnount importance to the correct operation of chrysanthemum shells, which 
are very hard breaking, and of short duration as compared with most Italian-American 
shells. 
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a peony shell (nisheAi botan), and this is usually a cool-burning aluminum mixture 
(Table 15-25, Formula 4). 

‘The stars are all similarly finished with a thin layer of a pine charcoal tail com 
position, followed by another layer of a basic priming composition similar to 
black powder. The effect of this universal finishing is observed clearly in a shell’s 
performance: the points of light from the stars do not originate at the center of 
the burst, but rather a small radius away from it, The effect is cleaner than would 
otherwise be produced, as the small distance the stars have traveled by this stage 
helps even out their speeds so that the appearance of good symmetry is pro- 
duced, Also ~ again, from an esthetic point of view ~ the flower is seen to “click 
on” rather than develop from a small point; this is considerably more elege 
than the stated alternative. 


The ability to turn out large numbers of color-changing stars is the greatest 
attraction of the rolling method. However, it often bas another advantage which 
becomes apparent in factory scale work. Naturally, once the composition is pre- 
pared and dampened, it takes about twice as long to cut twenty pounds of V2” 
cubic stars as it does to cut ten pounds. But once the cores are properly started, it 
does not take any longer to roll a thousand round stars than it does to roll five 
hundred, and with equipment of suitable size, increasing the batch to 10,000 
only increases the production time a litte. If, for example, a large batch of Ya" red 
stars is made, part of them can be primed and dried at that size, while others go 
on to become 34” red stars, or 142” color- changing stars. The sroall, irregular 
pieces which pass the 4” sieve are likely to be used in consumer fireworks. 


In Japan and China, it has long been the rule to use round stars in practically 
everything, from small single-color shells to rockets and mines. More recently, 
manufacturers in many Western countries have taken advantage of the mass- 
production potential of round stars, and have added a twist of their own. Today it 
is not unusual to find American-made cylinder shells with round stars. Some 
compositions, particularly when they contain ingredients of widely divergent 
densities, or those not mixing well with water, do not roll well, especially as the 
stars become larger; 4" zine or larnpblack streamers can be made more quickly 
and with less frustration by cutting them, With ordinary sizes and types of stars, 
good quality can be achieved by the mechanized rolling process. Alt though many 
compositions will roll well, some specially suited to this method are given in 
“Vables 15-24 and 15-25. Further information on round stars may be fund j in 
works by Bleser”’, Clayre™, and Shimigu”"* 


A note is made here in passing about the “crackle core.” This is an older effect 
differing from that described above and in Table 15-23. This core is similar in 
effect and even in design to the “cracker ball” previously described under the 
heading of exploding fireworks. A composition of arsenic disulfide (realgar), 
potassium chlorate, and starch is dampened and painted onto a good quality tis 
sue paper just as in the Japanese technique of making “powder pasted paper.” 
Once this is almost dry, it ts rolled up and the roll tightened by repeated rolling 
under gentle pressure, as in case rolling. 
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While still damp, the roll is cut up into short lengths corresponding to the 
roll’s width. These are used as cores, being immediately coated with a safe com- 
position and left to dry. Once dry, the dangerous mixture is already under a coat 
of a more ordinary composition, and the cores are relatively safe to handle. They 
are then built up to the desired diameter as in usual practice. 


‘The stars burn singly as a normal star, but end with a sharp snap. Crackle cores 
are normally used at the center of color or willow stars, and the shells made with 
these stars perform as usual, only to end in a searing wave of high-pitched cracks; 
this effect is quite unlike the continuous crackle produced by the earlier-refer- 
enced lead or bismuth oxide/magnalium granules embedded in a gunpowder- 
type matrix, 

Almost every step of the manufacture of Japanese-style crackle-core stars rep~ 
resents a danger level above and beyond the norm: mixing the ingredients, hav- 
ing tools and work surfaces on which. the drying mixture may be present, rolling 
the paper, coating the cores, and subsequently drying the stars. This makes these 
articles a specialty for the few manufacturers willing to stand the risk, and they 
have a ready market amongst the much larger number of pyrotechnists who are 
not. This information is provided as a description only, with the warning that 
experimentation with these stars is ill advised. 


Besides the countless varieties of stars and comets, many other payloads or gar- 
nitures can be used in erial devices. Most of these inserts have paper casings, and 
bear a resemblance to the corresponding ground fireworks. 

Exploding inserts are used in all styles of firework making, and they exist in 
great variety. Occasionally they are still made with black powder, or with “dark 
report” compositions containing potassium chlorate, especially when it 1s desir- 
able to avoid a bright flash which would detract from delicate color effects. Dark 
report mixtures are not completely flashless, but do produce very little light, some 
of them are designed to produce extra smoke which obscures the already dim 
flashes (Table 15-26). For special exhibition fireworks, principally in Malta and 
southern Italy, colored flash powders are sometimes made (Table 15-28). Some 
of the aforementioned mixtures require strong, carefully constructed casings in 
order to produce a loud noise. However, the vast majority of units are made with 
aluminum flash powders which need relatively little confinement (Table 15-27). 
With these powders, the most important aspect of the casing design is that it 
must be able to withstand the force of the propelling or bursting charge. Salute 
shells, bottom shots and timed shots, indeed all explosive inserts which exceed 
144? to 149” diameter, are usually made with thick-walled casings and reinforced 
with string before being pastewrapped. They are, in fact, cylindrical shells and 
their construction will be explored under that headimg. For smaller explosive 
components, the casings can be surprisingly thin as long as they are tough and 
well sealed. Such construction minimizes the amount of dead weight a rocket or 
shell has to carry. Even more importantly, avoiding the use of plaster, hard- 
pressed clay, or brittle plastics eliminates hard debris which could injure 
bystanders in the event of a low burst. 
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‘Table 15-28. Colored Flash Compositions. 


Red Gre Yellow 

Potassium perchlorate 54 - 

Potassium chlorate ~ - AG 
Barium chlorate - 50 ~ 
Strontium oxalate 115 - 
Strontium carbonate 115 - ~ 
Cryolite - ~ 16 
Aluminum, dark (German black) - 25 23 
Magnesium, 120-300 mesh cut 5 - - 
Antimony sulfide - 12.5 10 
Sulfur - 12.5 5 
Red gum 8 - - 


Notes: These traditional compositior 


caution, 


for colored salutes require handling with great 


Spectators often assume the flash reports they see in wrial displays are made 
with magnesium, but this is rarely the case. Magnesium powder is more expen- 
sive than aluminurn and it is much more susceptible to corrosion; therefore it has 
to be treated with an inhibitor if the ites made from it are to be stored for a 
significant length of time. Fine granular magnesium can produce very violent 
flash powders which will make a bang if a few grams are burned in a loose pile, 
yet for maximum performance in salutes, these powders may require stronger 
casings than their aluminum counterparts. Another paradox is that while magne- 
sium flash powder generates more energy per unit mass than the usual aluminum 
mixtures, it is also bulkier; the decreased loading density often means that a mag~ 
nesium report is not as loud as an aluminum report of the same size. Despite 
these drawbacks, magnesium flash powders are sometimes seen in exhibition 
work where exceptionally bright flashes are desired. Magnalium is also used to a 
limited extent. 

As might be expected with something so widely used and potentially haz 
ardous, aluminum flash powders inspire a certain amount of controversy among 
firework makers. Chlorate flash compositions are sometimes claimed to be too 
sensitive for use in shells. Actually, they were used extensively in the past with a 
fairly good safety record, and are still used im some countries, even. in massive 
c vlinder shells of eight, ten, and twelve inch caliber which undergo more stress 
on firing than normal commercial shells. Salute shells made with any type of 
flash powder can explode in the mortars with devastating results, bur this can 
usually be traced to defects in the shell casing rather than the composition. Still, 
chlorate flash powders are significantly more sensitive to shock, especially if 

they also contain sulfur or antimony sulfide; accidents in processing being of 
more potential concern than those in the performance of firished devices. "They 
are a legacy of the days when perchlorate was less available, and wher most of 
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the aluminum powders were heavily coated “bright” flakes. With the more reac~ 
tive pyro grades, there is little discernible difference in the performance of chlo- 
rate and perchlorate flash powders, except in the smallest devices. While chlo- 
rates may be used safely enough in most colored stars, the added safety margin is 
normally reason enough to favor potassium perchlorate for reports. ‘There are 
many brands of “pyro” aluminum, and while some pyrotechnists have a favorite, 
any of them will give good results in mixtures of this type. The German dark 
pyro is the most reactive and has the added advantage of being denser than the 
others, but has become prohibitively expensive for some applications. American 
pyro aluminums such as United States Aluminum #809 cost much less and are 
not far behind in performance, especially as the size of the reports increases.* 
Some pyrotechnists will use only binary mixtures of perchlorate and aluminum; 
others equally experienced feel there is no significant increase in the hazard when 
they add sulfur, to make the reaction products gassier and produce a more force- 
ful, low-pitched boom. 

In the interest of greater safety, many people have advocated nitrate oxidizers 
in flash powder. In these mixtures, the grade of aluminum becomes more impor- 
tant, and sulfur is practically always added to make the powder more ignitable. 
Barium nitrate flash powder has a high density, and can produce a good sound 
level in large bottom shots. However, in the ubiquitous three-inch salute, it is 
noticcably underpowered when compared with its perchlorate rivals. 

In the United States, the National Fire Protection Association (N.F-P.A.) has 
promulgated its standard 1123-2000, which allows maximum sizes of 5” in diam- 
eter and 5” in height for single-fire salutes (with no weight restriction), and 3” in 
diameter with a 3-ounce flash powder limit for exploding components in multi- 
ple-break or multiple-effect shells. Many people, including some who sell display 
fireworks, falsely believe that larger reports are “illegal,” when in fact, the 
N.EPA. has no statutory regulatory authority. However, since most display oper- 
ators are legally obligated to buy insurance, and most insurance underwriters 
require adherence to N.FPA. guidelines, large salutes are rarely stocked by 
wholesalers. Undoubtedly, this has discouraged the already limited use of nitrate 
flash powders. In practice, potassium perchlorate and pyro aluminum, with or 
without sulfur or antimony sulfide, works very well in devices ranging from the 
stnallest shell inserts to the largest bottorn shots. 

Mixing flash powders can be another area of contention. Some makers pass 
them through sieves as they would most other compositions, being very careful 
to throw any coarse particles away rather than try to force them through the 
screen. Others find that there is no performance gain which would justify the 
mess and danger of sieving. They like to sieve the oxidizer alone, or perhaps with 
sulfur or antimony sulfide, to break up any humps. After the aluminum is added, 
final mixing can be done on. a shect of paper with a soft brush or in a paper bag. 
Some factories accomplish this final step with a cylinder or a V-shaped combina- 
tion of cylinders, which can be slowly revolved in a barricaded area by machine. 
* Atomized aluminum is hardly ever used in flash powder for fireworks, due to its difh- 
cult ignition and slower burning rate. 


383 


PYROTECHNICS 


Tn all cases, methods and materials which generate static charges must be avoid- 
ed, and it is wise never to mix flash powder on days with low humidity, especially 
in the wintertime, Ball milling and other methods which create friction are never 
a wise idea with flash compositions. Titanium has been a popular ingredient 
since the 1970s; it increases the friction hazard and should always be added last, 
especially if the powder is sieved (e.g. Forrmula 3, Table 15-29). 

As with exploding ground fireworks, many different names are applied to the 
rial versions, and some of these can be arbitrary and confusing. The word salute 
is sometimes used as a generic term for any explosive firework, but is really only 
correct for one which produces a single, loud bang as its only effect. This may be 
a stout firecracker shot on the ground, or an erial salute. The tere is derived 
from military usage, where, especially in the Navy, a blank cannon load or an 
exploding rocket was often used as a greeting to friendly forces. 

Keport is supposed to mean an explosion which occurs after a color burst or 
other effects, the idea being that the final loud noise confirms or “reports” that 
the whole device has finished its performance. In some cases there is more than 
one report in this final position, «.g. “green and silver with five timed reports.” A 
simple explosive heading on a rocket is also legitimately called a report, since the 
rocket’s tail may be considered a separate effect with an esthetic or signalling 
value of its own. 

‘The word shor is traditionally used in pyrotechny to refer to almost any explo- 
sive effect, although it does imply one more powerful than those classified as 
“crackers.” A final explosion in a multibreak cylinder shell is commonly called a 
bottom shot, even, when it is not an insert but a separate, full-diameter section. 
Timed shots use carefully prepared fuses to make them explode at evenly spaced 
intervals, while fiwellading shots produce a more random, rattling series of blasts 
often called a cannonade. Use of the term “shot” does not imply any specific con- 
struction method, and there are many traditional kinds as well as modern vari- 
ants. 

The saertine* generally has a thin, fexible c ing and is fused with bare match 
to provide a short delay. Such casings are usually rolled with a strip of thin chip- 
board inside the kraft paper; this not only stiffens the walls but keeps the height 
consistent. The end is closed with a simple tongue or triangle fold, sometimes 
brushed with paste or glue. Saettines are typically “4” to 1” diameter and about 
two inches long, and are only partly filled with powder. The upper ends (where 


*'The word (pronounced s2-tén) is the diminutive of Italian saetta, fom Latin sagitta 
or arrow. From it, by back-formation, derives the verb suettare, “to shoot,"e.g.: 
“Crudo Amor mi saetta” 
(Orsini, Lf Ploridore] 
From this saetéz came to mean “shot,” also figuratively a lightning-bolt or thunder clap: 


“Tempra il Crel le sue saette 
per punir ole Pirrige” 
{Ansaldi, San Glewanni Battista} 


Thus s 


ettine, a “Litde thunderclap” or “small shot.” 
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a 
Sacttine tied closed 
Figure 15~4, Saettines. 

the match enters) are filled with compacted sawdust or bran before being folded 
and tied shut (Pig. 15-4). Saettines are not normally pastewrapped, and even 
when well made, they feel softer than most other shell inserts. The layers of inert 
filler protect the powder from the bursting charge of the shell, and also slow the 
burning rate of the match enough to allow the shots to spread out before they 
explode. This technique is not as precise as the use of true time fuses, but is 
much more expedient and less expensive, and good saettines are quite consistent. 
Some purists in the Italian style of shelfbuilding (y..) have a convention that 
sacttines, like most other shell inserts, should perform in a symmetrical ring, and 
they avoid using this term for any shots which do not do so. Good ring patterns 
can be achieved in shells of five-inch and larger caliber, and are a particularly 
attractive use of titanium sacttines. However, there is nothing in the word itself 
which implies a ring, and this certainly cannot be expected. from smal] shells, or 
when saettines are fired one at a time from mortars. It is alse worth pointing out 
that saettines were being made with “dark” report compositions long before flash 
powders were introduced, and without the flashes, it is difficult to tell whether 
the shots explode in a ring or not, unless the shells are fired in the daytime. 
Another common method of making shots is to ram clay around bare match and 
load the powder afterward; this requires heavier casings, and machine-wound 
tubes are often used. Among many manufacturers, the word “saettine” (with vari- 
ous phonetic spellings) has come to mean almost any kind of fusillading shot, 
whether plugged with sawdust, clay, or even plastic. Other traditional terms for 
small shots include scoppierti (“little explosions”), lamberti (“little lightning fash 
es”) or simply boméz. Although these devices are deemed small ~ which they are 
in comparison to timed reports or bottom shots ~ they are at least as powerful as 
the old cherry bomb and M-80 firecrackers, usually more so. When children are 
injured playing with duds recovered from professional displays, insert shots are 
often involved. They appear insignificant, but their fuses are very fast, and cach 
contains several grams of potent flash powder, enough to destroy a hand or an 
eye. 

Japanese rat (thunders) are spherical or spheroidal report inserts typically one 
inch or less in diameter. Two techniques are used for their production. In the 
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older and more laborious one, the explosive mixture is contained in a tissue paper 
pouch or sack, which is fused, then wrapped with paper strips and bound with 
string. This technique is still used in special cases where the reports need to be 
more compact than is possible with the cheaper alternative method employing 
mechanically produced strawboard hemispheres. In both methods, the timing 
elements used are prepared by cutting Japanese spun. time fuse to length, pasting 
short tissue paper tubes on one end of each, filling these tubes with fine black 
powder as a priming charge, and twisting them closed. Likewise, the composi- 
tion. is, in both methods, measured (about a teaspoonful, 5g) onto squares of tis~ 
suc paper; the four corners are gathered to the center, and twisted off to form 
pouches. From this point, the method of producing the thunder charges without 
casings proceeds as described by Clayre” (Photo 15-20). If the more common 
strawboard hemispheres are to be used, the punched hemispheres are fitted with 
prepared fuses, the ends having the small black powder priming tubes placed 
inside. The powder pouches are carefully punctured at the bottoms (i.¢., the cen- 
ters of the initial tissue squares), and pushed into the hemispheres onto the 
primed fuse ends, The surplus twists of tissue are crushed down over the powder 
pouches, and solid hemispheres placed on top to form complete cases. The 
assemblies are then taped together at their equators, sealed around the fuses with 
white glue, and covered with pasted paper in the manner of poka-type spherical 
shells. After drying and priming, they are ready for use. ‘They may be embedded 
in the bursting charge of a large ball shell, or arrayed around the outside of the 
case like stars, and usually produce a rapid fusillading effect like that of sacttines, 
though they may also be of different timings for a timed-report effect. Hanarai 
(thunder flowers) have a visual effect, arising from the inclusion of high percent- 
ages of ferro-titanium in the composition (Formula 4, Table 15-29). Antimony 
sulfide is used in this type of flash powder to maximize its burning rate and 
explosive force, in order to compensate for the high percentage of excess metal. 
In this case, the increased friction hazard is accepted as a necessity; it ceases to be 
a problem after the articles are wrapped and tied, or loaded into hemispheres. It 
is interesting to note that production of rai by the method of wrapping with dry 
paper and binding with string is considered man’s work in Japanese factories, 
while those made from hemisphere sets are usually paste-wrapped by female 
workers. 

In addition to the use of bare match as a delay fuse, another inexpensive and 
ingenious method can be used to time small explosive shots. It involves a modi- 
fied slurry priming, which has been especially well developed in Malta. The Mal- 
tese are fond of large multibreak noise shells which may contain hundreds of 
small reports of different sizes, and sometimes different colors. These shots are 
filled, closed, and wound with a few turns of twine, but are not equipped with 
any kind of cord fuse. When it comes tirne to build a shell, the side of each shot 
is pierced with a specially made awl, and the orifice is primed with black powder 
paste containing an additive which decreases the burning rate. The makers are 
rather secretive about their favorite priming mixtures, but suitable retardants 
include barium nitrate, barium carbonate, and higher than usual levels of gum 
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binders. Successive timings, of course, contain larger and larger percentages of 
the vetardant. The Maltese commonly achieve three or more distinct barrages of 
reports from one shell break by using this method. It requires considerable skill 
and experience, but once mastered, it offers several practical advantages. The 
need to buy machine-made time fuse (which would have to be primed anyway!) 
is eliminated. Great numbers of shots can be made in advance and stored with- 
out committing to a particular timing; the lack of fuses makes them safer and 
more resistant to handling than most other components. Vor big cylinder shells, a 
most important advantage of these emdi is that they are sturdy and compact, 
and fit neatly into layers to make very strong shells. 

Rosettes are made with coarsely granulated flash powder containing a high per- 
centage of “bright” flake aluminum (Formulas 1 and 2, Table 15-29). They 
explode more softly than other shots, with a “thud” or “splat” rather than a sharp 
“bang,” and a short-lived silvery spray. Rosettes are usually a little larger than 
saettines, and have a true time fuse instead of bare match. They are normally 
expected to burst in ring patterns, and there may be more than one timing in a 
shell break. The effect resembles that of titanium shots, and has become less 
common since titanium has come into widespread use. 

The lampo muto or silent fash unit is uncommon in most countries. “These 
devices have thin casings similar to those used for saettines, and need slow, bright 
flash powders, often made with relatively coarse grades of magnesium. They are 
difficult to adjust, since they must be sturdy enough to withstand the burst of a 
rocket or shell, without causing the flash charge to make a significant noise. In 
Spain, similar devices called relampagos, consisting of simple paper “flash bags” 
tied to pieces of primed time fuse, are fairly popular in rocket headings. 

Serpents used in erial work typically have a burning time of three to five sec- 
onds, although they can safely last longer if ignited at high enough altitudes. ‘The 
same applies to most other tubular shell inserts. Such articles are needed in vol- 
ume and are customarily gang-loaded with the aid of machinery (Photo 15-21). 
Great uniformity in performance can be obtained through control of the process. 
When these items are prepared for shells, rockets, or mines, it is usual to smear 
slurry priming in and around the chokes and to dredge ther in fine grain pow- 
der. Often a piece of bare match is also imbedded in the priming, and in this 
case, the tube may have a paper nosing around the match. ‘Today, black powder 
compositions with titanium. are quite common in tubular garnitures, but plain 
charcoal types are still seen, as well as some which contain aluminum or ferro- 
titanium. Serpents may be known by other names; the term “fish” is often applied 
to erial types, especially those which are not choked. Most serpents range from 
546” to 2" i.d., but for special applications, they can almost be any size. Brock” 
mentions a favorite type of sixteen-inch shell which contained a hundred 4” 
bore rockets! By the conventions of shell building, these could legitimately be 

classified as large and powerful serpents, and prepared accoreingly. 

Whistles used in shells differ little from those fired on the ground, although 
again it is important to have good control over the burning time. Many whistle 
compositions are quite sensitive to changes in pressure or overly strong ignition, 
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Table 15-30. Hummer Compositions. 


1 2 3 
Meal D 90 90 - 
Potassium perchlorate ~ - 56 
Resorcinol resin - ~ 28.5 
Paraformaldehyde catalyst ~ - 7 
Titanium, 60-100 mesh sponge 10 - 8.5 
Ferro-titanium, mixed - 10 - 


Noves: Formula 1 is for a silver, Formula 2 for a gold effect. These are to be rammed in 
short, heavy-walled tubes with clay plugs at the ends. Formula 3” is the com- 
posite-type mixture and gives a silver spray. The perchlorate, the catalyst, and 
the titanium are mixed dry, then mcorporated with the liquid resin and intro- 
duced into the pre-drilled and matched tubes like the composition of a pillbox 
star. Once mixed, the composition has a working time of perhaps one hour. The 
tube ends are sealed with a vinyl cement. 


and will explode if the confinement is too great. For this reason, large blobs of 
priming are best avoided, and whistles generally work best with bare match 
which is simply tied into thin paper nosings. Extra-strong bursting methods, 

such as chlorate mixtures or flash bags, are rarely used in whistle shells for the 
same reasons. Shell whistles are typically no larger than one-half inch bore, and 
frequently contain titanium to give them silver tails. 

Spinning tube garnitures are very popular and may be divided into two basic 
categories, Shell sourdilfions are about the same size as the kind sold to the public 
(pp. 211-214), but they lack the familiar stick or “wing.” They usually have a sin- 
gle vent hole drilled near one of the clay end plugs, although sometimes there is a 
hole at each enc. The hole is drilled at a 90° angle to the bore of the tourbillion, 
causing it to tumble end over end as though it were a free-ranging saxon. Shell 
tourbillions have a rather lazy looping fight and are particularly effective when 
they are deployed in symmetrical rings. The effect suggests a circle of figure 
skaters or ballroom dancers whirling in unison. Hummers are normally shorter in 
relation to their diameter than tourbillions; a representative size is ¥2" id, 1” o.d, 
and 1%” long. The vent hole in a hummer is drilled tangentially, generally at the 
center of the tube. This causes it to rotate around its longitudinal axis at a very 
high rate of speed, producing a buzzing noise which suggests bees or hornets. 
Hummers are usually charged with fast-burning gold or silver compositions 
which contain high percentages of commercial black powder, although magnali- 
um. color mixtures and other exotic types can be used (Table 15-30). No matter 
how they are arranged in a shell casing, hummers cannot be expected to stay in 
orderly formations; in fact their random flight is part of their appeal. 

Self~ ~pr opelled color stars called “go-getters” or “shooters” are a relatively recent 
innovation. Other fast- ~burning stars, notably pillboxes made with aluminum 
mixtures, may exhibit a “swimming” movement, but go- getters are specifically 
designed to enhance this effect. They are filled with magnesium compositions 
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that use plastic binders and acetone or another volatile solvent to speed « drying 
time. Bare match is inserted into cach tube while the composition is still gooey. 
Upon ignition, the match burns away quickly, leaving a cavity like that in a sky- 
rocket, As the enlarged surface of composition burns, it lends a propulsive effect 
to the article. These devices may be viewed as specialized pillbox stars, or as a 
kind of colored serpent. 

Most tubular garnitures, especially serpents, tourbillions and whistles, can casi- 
ly be equipped with small charges of fash powder so that they end with reports. 
As with saettines or scoppietti, the main consideration is to make sure that they 
do not explode prematurely when the shell bursts. Besides the usual paper plugs, 
the ends of these devices are often reinforced with hot-melt glue or a mixture of 
ordinary white ghie with sawdust. 

Small bornbshells containing stars and bursting powder are often inserted in 
mines, Roman candles and the heads of rockets. However, their most dramatic 
use is when they are placed inside larger shells, and they are usually simplified 
miniatures of the parent type. For details of their construction, the reader is 
referred to the “shell-of-shells” (pp. 222-224 and 233-235). 


Comets 


The simplest kind of erial firework consists of a single pumped star, propelled 
from a mortar tube by a black powder lifting or “blowing” charge. Tailed stars are 
normally used, and a complete unit Gneluding a disposable paper mortar and its 
wooden or plastic base) is called simply a “comet.” Many different types of comet 
stars are used, including crossettes and comets fitted with a secondary burst of 
small colored stars. In some of the older American texts, the term “meteor” was 
promoted to specify a bright star made with magnesium or aluminum, while the 
traditional “comet” was reserved for black powder versions. This distinction is 
not common today. Comets sold to the public rarely exceed 1's” diameter in the 
United States, where consumer fireworks guidelines allow a maximum of 40 
grams of composition in a single tube item of this class. Spiral-wound mortar 
tubes are adequate for one shot and have become the standard because they a 
cheaper than parallel-wound ones. Similar devices, usually more heavily charged, 
are also used in professional displays. Sizes are quite uniform im the United 
States, because most companies which manufacture them buy the tubes and 
bases from the same handful of suppliers. Some of the standard sizes are: 


LD. Fength 
#0 Mortar a" 3 AP 
#1 Mortar r 5” 
#2 Mortar ‘ace 6” 
#3 Mortar Lia 6” 
#4 Mortar 1 34” 8” 
#5 Mortar 2° g” 
#100 Mortar 24? 12” 
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The same spiral-wound mortars are often loaded with crackers, display-grade 
salutes, or consumer-grade color shells. Single comet mortars are not as common 
in the United States as they once were, due to a combination of regulation and 
foreign competition. The consumer-product regulations, which have cut down 
on the amount of composition that can be sold in one mortar tube, do allow 
raultiple small tubes to be sold as a unit. American manufacturers have long pro- 
duced three-, five-, and nine-shot comet batteries, with all of the tubes glued to a 
single base, but most of the market share for fireworks of this class has been cap- 
tured by multi-tube “cake” items (Photo 15-22), mostly made in China. These 
cakes use cheap parallel-wound mortar tubes, plugged with clay and connected 
with visco or similar delay fuse. After being connected and loaded, the tubes are 
tied into neat round or square bundles and labeled. Most cakes have at least six- 
teen tubes, and some contain more than a hundred. They are made in display 
sizes for professional use, as well as consumer sizes for sale to the public. Cakes 
may contain spinners, whistles, zrial salutes, or miniature star shells as well as 
comets, but the same basic design principle applies to all of ther. 

Large single comets used in display work usually do not come pre-loaded in 
mortars. Instead, they are fitted with lifting charges, wrappers and quickmatch 
leaders like shells (y.v.) and are dropped into reusable mortars of steel, heavy 
cardboard, or polyethylene. Comets are one application where metal mortars are 
to be preferred, since the large volume of hot gas and dross will hasten the 
demise of the other types. The vast majority of these comets are made to fit a 
three-inch mortar, although four-inch are catalogued, and even larger ones are 
occasionally made. They often end with a heavy report or a shower of colored 
stars. Comets of this size must be very durable in order to withstand the stresses 
of firing; they are made on hydraulic presses and are often paste-wrapped for 
extra strength. Sometimes a perforated felt wad is used to protect the bottom end 
of a comet, which is more vulnerable than that of a shell. The exposed, burning 
composition also contributes to the gas pressure in. the mortar, and it is impor- 
tant not to use too much lift powder. One ounce of coarse powder (such as FFA) 
is plenty for a 3” comet weighing one pound or more. 

One practice which deserves censure is the predilection of some American 
manufacturers to label their comets “stickless rockets.” Large exhibition rockets 
have not been regular articles of commerce in the United States for many years. 
Comets can easily be mistaken for rockets by the uninitiated, but manufacturers 
were not im the habit of mislabeling them when the selection of actual rockets 
included large powerful ones. Today the awkward “stickless” term, besides sug- 
gesting a safety advantage, is presumably meant to remind display operators that 
a three-inch comet is the best they can do when they want the thick rising tail 
effect of a rocket. The fact remains that a comet star is nof a rocket, but a projec- 
tile. It does not continue to accelerate after leaving the firing tube and does not 
perform like a skyrocket. Furthermore, true rockets can be stabilized without 
sticks, and in fact were sometimes made this way centuries ago. Confusion and 
misinformation about fireworks is already widespread enough without the use of 
deliberately inaccurate terms. 
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Fig. 15-5. Mines. Left: Traditional mine bag. Right: Meinbart/Bregel type, for large mines 


Mines 


Mines fire multiple projectiles at a single discharge from a mortar tube. This 
term probably was derived from military land mines, since both devices produce 
an explosion at ground level with a spray of rising material. Use of this word in 
fireworks is mainly a feature of English and does not translate well into other 
languages. The Italians, for example, call fireworks of this kind séraffi, which lit- 
terally means sprays of water. Some authors, perhaps wishing to lessen any asso~ 
ciation with explosives which maim and kill people, prefer the term starmunes, 
but stars are not the only projectiles used, One perennial favorite is the use of 
serpents and similar tube items; the initial burst of flaming objects is enhanced 
when they begin their “swimming” movements. Various types of crackers and 
report units are also commonly included in mines. Some consumer fireworks fall 
into this classification, although the word “mine” itself is rarely seen on a label in 
an American shop. Commercially-made mine bags are sold for use in profession~ 
al displays, and are especially likely to be used in exhibitions put on by firework 
companies themselves. Such mine bags are fitted with quickmatch leaders like 
shells (y.v.) and are loaded into reusable mortars in the same way. 

The design of mines is something that tends to be slighted, among hobbyists 
as well as professional manufacturers. There is a temptation to use “floor sweep- 
ings” of practically any kind of inexpensive stars on hand, and other conponents 
left over from shell making. When done intelligently, this can be a productive use 
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of materials which would otherwise go to waste. But even though mines do not 
require the exacting construction of rockets or fancy shells, they are not so sirnple 
that quality contrel can be ignored, and it becomes more important as the size 
increases. A three-inch charcoal or tremalon mine is likely to be successful with 
any construction method which keeps the lifting charge under the stars. Many 
other types of stars can be troublesome in mines and require careful regulation of 
the lifting powder. Colored stars, especially those made with perchlorates, are 
easily “blown blind;” that is, they either do not ignite at all, or the muzzle veloci- 
ty is so great that they are extinguished by the wind. Some energetic, fast-burn- 
ing stars may create so much pressure when ignited in a confined space that they 
burst the mortar tubes. The often fearsome reputation of chlorate colors might 
suggest that these stars are unsuitable for mines, and mines containing ammoni- 
um perchlorate stars have caused violent mortar explosions, but the biggest 
offenders are streamer stars containing high percentages of fake aluminum, 
which today usually have potassium perchlorate as the oxidizer. When aluminum 
stars (whether based on chlorate or perchlorate) are used in mines, the stars 
should not be too small, and extra care should be taken to see that they are hard 
and tough. At best, such mixtures produce a tremendous amount of hear when 
ignited in a tube by a charge of black powder, and if inadequate binding allows 
stars to crumble, the mine becornes little more than a large flash cracker. Even 
with nitrate stars, serpents and noise units, mines of six-inch and larger calibers 
cannot be expected to perform well with thoughtless or sloppy construction. One 
technique favored by successful makers of large mines is the use of a collapsible 
wad (Fig 15-5, right). Made from chipboard discs with spacers of spiral-wound 
tubing, such wads provide a pistonlike gas barrier and also help cushion the erial 
effects from the shock of the lifting powder. 


The term “starmine” is used in Japan to signify something rather different 
(Photos 15-23 and 15-24), bearing similarities to the western shell finale. This 
sort of starmine can be of two basic forms. Both employ racked mortars, staked 
above the ground, with touch-holes at their bases. In the first form, the touch: 
heles are connected with piped match. An appropriate amount of powder is 
loaded into each mortar, then one (or possibly more) shells. When shells of dif 
erent caliber are placed in the same mortar, the smaller ones are placed on top of 
the one which fits the bore of the mortar more closely. Typically, one shell of the 
mortar’s diameter might be leaded, with extra smaller reports or color shells 
thrown on top. When the match is ignited, the shells ascend instantaneously for 
a short, spectacular effect. 


In the other form, the idea is to produce a longer display of perhaps, 30 sec- 
onds. Pieces of time fuse are cut to a series of lengths, each differing by a very 
short duration from its neighbor. These are threaded through the touch-holes of 
the mortars in order of length and matched together. Time fuse is drossy enough 
that there is no need to match or prime the end projecting into the mortar, where 
it nestles in loose powder. The mortars are loaded with powder, shells, and small 
garnitures as in the first version described. The lengths of time fuse are matched 
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Table 15-31. Roman Candle Compositions. 


f 2 3 
Potassium nitrate 50 53 56 
Charcoal, air float 31 17 4 
Charcoal, 80-mesh - 17 4 
Charcoal, 20-mesh - - 16 
Sulfur 16 8 13 
Calcium carbonate - - 3 
Wood meal - 1 
Dextrin 3 4 4 


Nores: These compositions are to be dampened with 15-20% of their weight of water, 
and granulated through 12- to 16-mesh sieves. 


together in such a way that all take fire at nearly the same tirne, but since each i 
of a differing duration, the shells are discharge din an orderly progression. 


Roman Candles 


For reasons which are difficult to fathom, the term Reman candle is sormmetumes 
used in a flippant or mildly derogatory way, to refer to almost any type of fire~ 
work or projectile fring device. Articles on waterfowling sometimes apply the 
term to 3” or 314” magnum shotshells, presumably in an effort to make them 
sound sensational, ‘he otherwise punctilious Guinness Book a World Records once 
listed an unsuccessful g giant-sized shell as a “Roman candle.” It is not always easy 
to tell whether this slang usage is intentional humor or is merely a consequence 
of regulation and urbanization. Tt does not seem to have been common in the 
days when fireworks of all types were more freely sold to the public, and Roman 
candles vied with rockets for the number-one sales position. At this point in 
time, there may actually be readers who are not quite sure what the Rorman can- 
dle does. Those who have never fired one or seen one up close could understand- 
ably have a mental image of something mysterious and vaguely dangerous. For- 
tunately, the term is accurately defined | in Websters as “a cylindrical firework that 
discharges at intervals balls or stars of fire. 

‘The name Reman candle does not appear in works written in English until the 
early nineteenth century, but the devices themselves are far older. ‘There is no 
reason to suppose that they date back to classical Rome, but they were apparently 
in use in Italy in the Renaissance period. Kentish’” uses the term “Italian stream 
ers” to specify candles made with tailed stars only, which also suggests that these 
fireworks are an Italian invention, or at least that the English believed them to 
be. Early references call them “star pumps” or “fire pumps.” Robert Jones, whose 
worl: was several times reprinted and much plagiarized, was still using the lat- 
ter term toward the end of the eighteenth century, when the French were already 
calling them “chandelles romaines.” Whatever the name, the design has been 
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Figure 15-6. Roman candles. Left: conventional Raman candle using candle composi- 
fon, Right: large-bore Roman candle using felt wads. 


popular all over Europe for many centuries. In fact, frearms on this principle 
were made at least as far back as the seventeenth century?™. Some of these 
weapons used special perforated bullets which were filled with a delay composi- 
tion. In their purest form, “Roman candle guns,” like the fireworks, kept on firing 
until all the shots had been discharged, and they must have been a handful for 
the shooter! Some firearms historians apply the term more loosely, to weapons in 
which the charges are loaded one on top of another but are fired one at a time, 
either by separate locks or by one lock which slides on a railing (this type is 
understandably more common. than the all-or-nothing model). It should be 
noted that “Roman candle gun” is a term adopted by antique collectors living in 
the nineteenth and early twentieth centuries; it is not what the inventors called 
these oddities when they were new. Sul, it is evident that the collectors chose 
this name because they thought it would be intelligible to almost anybody; the 
weapons in question do have the same distinguishing characteristic as a Roman 
candle, namely, seperimpased loads. 

The classic type of Roman candle (Vig. 15-6, left) is mace with a slow-burning 
saltpeter mixture, called candle composition or occasionally candle fuse (Table 15~ 
31). As with so many things in fireworks, candle composition varies according to 
different manufacturers’ preferences. That with a high percentage of sulfur is 
inexpensive and consolidates well, but it has the disadvantage of producing a lot 
of hot dross that causes the tubes to burn through sooner. Usually a substantial 
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Photograph 15-18. Quadrant camets 
and pump. Comets, at left, fit 4 per ring 
in a 2” shell insert; sleeve of pump, at 
center, and plunger, at right, are disas- 
sembled to show details. 


Photograph 15-19. Round star 
production using a rolling machine. 


| 


Jeremy Chayre 
Photograph 15-20. Making vai by the hand-tied method. String is looped around the 
foot of the worker, who is seated on the ground im traditional Japanese fashion; the 
hands are left free ta bold the report unit and tension the string. 
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Photograph 15-21. Gang-loading of garnitures. 
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Photograph 15-22. Assembly of multi-tube devices. 
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Photograph 15-23. Japanese starmine of frve colors (Aki) 
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Photograph 15-24. Japanese palm tree starmine. 
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Photograph 15-26. Rocket spindle and rammers, including special rammer for forming 
clay plug with hele at top. 
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Photo: Ing. Alfred Pokorny, Pyrops 


Photograph 15-27. Rockets racked and matched to fire as a flight. 
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Phatograph 15-28. A large girandola. 


PLATE XIV 


Pheto: Kiminari Ouszato 


Photograph 15-29. 12° peony with color changing pistil (Komatsu) 


PLATE XV 


Photo: Kinnear’ Onozato 


Photograph 15-30. 12” double-petalled peony with pistil (Nomura) 


Pirate XVI 


Photo: Kiminan Onexato 


Photograph 15-31. 12” brocade willow with pistil 
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part of the charcoal is granular (such as 80 mesh or 36 mesh), which is not as 
bulky or dusty as the fine powder, and helps produce a good display of sparks in 
the intervals between stars. Sometimes there is concern about potential problems 
with friction, when the sulfur-containing powder has to be raramed on top of 
chlorate stars. Lancaster” provides a candle composition that contains no free 
sulfur, and is intended specifically for this purpose. Most of the traditional mix- 
tures include a small percentage of dextrin, so the composition can be granulated 
by a wet process, making it easier to handle and measuze out into convenient 
portions. 

A Roman candle is charged from the muzzle, requiring the effects to be loaded 
in reverse order from that in which they are intended to burn. The bottom plug 
is usually solidly rammed clay, although in some small candles a piece of wooden 
deweling is glued in place to form both plug and handle. A charge of grain pow- 
der must be loaded first, followed by the star or other projectile which slides 
frecly down the tube. Exact dimensions vary, but in general, a suitable pumped 
star will be se” to Vs smaller in diameter than the bore of the candle; the gap 
may be greater in lange exhibition sizes. At this point it is usually desirable to do 
something to enhance rapid fire transfer. I€ this is not done, the stars may burn in 
place for an excessive length of time, causing erratic performance and contribut- 
ing to the destruction of the paper casing, In small candles, a charge of fast- 
burning powder, just enough to fill the gap around the side of the stay is the 
usual remedy. This composition may be called the “inflamant” (if it is given. a 
name at all) and contains a high percentage of gunpowder; straight commercial 
meal works well. Another method which is very satisfactory with larger canclles 
is to place crossed pieces of bare match under each star when loading it; the 
match should be cut just long enough to reach the tops of the stars (Photo 15- 
25). Once a star is properly prepared and seated, it is followed by a charge of can- 
dle composition, which is then consolidated. The correct amount of pressure is 
determined by much experience, and varies according to the size of the candle 
and the type of composition used. Obviously, the charge cannot be rammed so 
hard as to damage the star or other projectile, or to crush the inflamant into a 
solid mass, which would defeat its purpose. Yet each increment of candle compo- 
sition must be solid enough to serve as a “mortar plug” for the charge of gunpow~ 
der and the star that goes on top of it. Appropriate and consistent ramming of 
the delay composition is one of the most challenging aspects of traditional 
Roman candle manufacture. 

Another peculiarity of these fireworks is that they represent the only type of 
“gun” in which the “barrel” becomes longer with cach shot. A propelling charge 
barely adequate for the first star in the tube may well be excessive by the time the 
fourth or fifth one is reached, To accommodate this situation, it is the recom 
mended practice to use progressively larger lift charges as one approaches the 
muzzle. A few writers in. times past have advocated varying the size of the star, to 
use tighter fitting ones near the muzzle, but this method is not very practical and 
is rarely if ever used. The cost and cornplications of having several different star 
pumps for cach size candle are more than most pyrotechnists would care to 
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accept, even if the method offered any real advantages, Furthermore, the change 
in burning characteristics from one star composition to another can have a 
greater influence on the appropriate lifting charge than would be seen from a few 
thousandths of an inch difference in the stars’ diameter. It may require a great 
deal of trial and error to achieve a proper balance between all these factors. 

As is true for the internal combustion engine, if Roman candles had not been 
so well established for so long, they could be regarded as a rather bizarre idea, 
and there is a seemingly endless list of things that can go wrong with them, Eng- 
land’s Rev'd. Ronald Lancaster“, who is well known fer his expertise in this area, 
describes a good Roman candle as one in which “each of the stars will come out 
at regular intervals with a sharp little crack, gain a good height and just turn over 
before it is extinguished.” While such perfection is rare in the small candles sold 
to the public, American-made ones were traditionally quite good. One well- 
known brand had nicely isochronized stars and fired them consistently to about 
fifty feet, a good altitude considering the size. The main shortcoming of these 
candles was that the star colors were limited to red and weak green; this is not a 
reflection on the maker so much as a consequence of C.PS.C. regulation, which 
bans chlorate stars in Class C fireworks. In the early part of the twentieth centu- 
ry, the selection of American-made Rornan candles was not so limited. They 
were amongst the first types of fireworks to be made in large quantities using 
mechanical assistance, as far back as the 1880s. Combination rammers, like those 
illustrated by Weingart™’, took as many as 72 casings at a time, and the increased 
productivity helped place Rornan candles among the most popular consumer 
fireworks. Such machinery is still in use, basically unchanged in form. Weingart 
lists sizes from one-ball, which hardly seems worth the trouble, to a 30-ball ver- 
sion which was three feet long. His 20-, 25-, and 30-ball sizes had half-inch 
bores, and, if they performed well, they were a remarkable achievement for com- 
mercial practice. Today even candles made for competitions or professional dis- 
plays, although larger in caliber, rarely have more than twelve or fifteen shots. 
Roman candles which are carelessly made, or damaged during shipping, can easi- 
ly burst, although the explosion is usually not too destructive. ‘They carry the 
warning De Nor Hold In Hand, but this is not very well observed, since half the 
fun with the Class C size is being able to direct the fire. Roman candles have 
always been high on the hit list of ant-fireworks groups, and in fact are banned 
in many states. Federal rulings limiting the amount of composition in consumer 
fireworks have also had a major impact on Roman candles since Weingart’s day. 
Those now available rarely exceed 7/16” bore; five-ball, eight-ball and ten-ball 
sizes have been the rule for many years. It is interesting to note that the dimen- 
sions of these middle sizes are almost exactly the same as those tabulated by 
Weingart and others, more than fifty years ago. 

The practice of listing Roman candles by the number of “balls” they shoot has 
led to some understandable confusion that is worth dispelling. A colored star of 
almost any shape produces a flame which is practically round, or in everyday par- 
lance, a “fireball.” Many people assume that Roman candle stars are ball- shaped; 
there are even some “informative” articles in magazines and encylopedias with 
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drawings depicting the stars as spherical! This is not the usual practice, and it 
never was. ‘Thomas Kentish’, arguing in 1878 in favor of cylindrical shells, 
reminds his readers that “no one would think of making a Roman candle star like 
a marble.” Through the years, various pyrotechnic authorities have advocated 
cylindrical candle stars with longitudinal holes to improve ignition and burning 
qualities. This refinement may have advantages with some star compositions, and 
one tool maker currently offers pumps to produce such perforated stars. Howev- 
ex, the great maj jority of Roman candles have always been made with plain cylin 
drical stars. Even in the Orient, where rolled spherical stars are almost universal, 
the projectiles used in Roman candles are commonly cylinders. One notable 
exception occurs when color-changing stars are used. 

The traditional method using candle composition works very well in Roman 
candles up to 44” or 1” bore. With larger sizes it becomes more problematic, so 
these “exhibition” candles are normally made with a different technique. The 
charges are separated by means of thick felt wads that contain integral delay ele- 
ments, usually pellets of composition fitting snugly in their central holes (igure 
15-6, right). In some cases, a specialized delay composition may be compressed 
into a stout tube at the center of the wad. This may be considered a variant of the 
spolette or Roman fuse, described under the heading of zrial shells. More com- 
monly, a suitable length of time fuse is inserted through a hole in the center of 
each wad, the protruding ends being primed or cross~matched. This method is 
obviously much more time-consuming than the use of candle composition, but it 
can be cost-effective in these large devices, which may cost ten dollars or more. 
The wads give more consistent results with large comets and also help protect 
the projectiles from the lift powder gases. Compared with pressed composition, 
wads are less likely to be shaken loose during shipping, which would result in 
bursting or “machine-gunning” when the candles are fired. Exhibition-size 
Roman candles are not usually made with plain colored stars; often they contain 
various types of fancy comets such as crossettes or married comets. ‘They may 
feature almost any type of cylindrical insert, including those which spin, whistle 
or explode. Almost as popular as comets are small bombshells, complete with 
delay fuses which allow them to reach peak altitude before they burst inte col- 
ored stars. This variation of the Roman candle is often called a “bombette” 
candle, 

Many of the small Chinese candles sold to the public employ yet another tech- 
nique to achieve separation between shots. This involves the use of a tissue paper 
fuse, like that found in Chinese firecrackers, and in some more recent examples, 
crudely-made visco fuse, running the entire length of the tube. Increments of 
granular clay are pressed into place between the stars or ote projectiles, and are 
blown out one by one as the fuse reaches cach Jive charge. In its favor, clay is very 
inexpensive and does not count as firework composition under the regulations 
which limit the weight of material in cach item. Unfortunately, many of the 
Roman candles made by this method are quite weak and irregular in perfor- 
mance, shooting their stars only a few feet into the air. Another disadvantage is 
that the paper fuse can be sheared off during ramming, causing the candle to 


x97 


PYROTECHNICS 


stop burning with several charges left ~ a problem which does not occur with the 
traditional “candle comp.” To their credit, the Chinese do produce a lot of good 
quality candles by this method, which have added variety to the world of con- 
sumer fireworks. Some of the best ones do not use plain stars, but are miniature 
“exhibition” candles with whistling or spinning projectiles. 


Rockets and Related Devices 


Rockets, despite the many complexities in their manufacture, are amongst the 
oldest pyrotechnic devices. Theix use both in entertainment and in warfare dates 
back to the Middle Ages, and possibly much further. Although a great variety of 
rocket moters have been designed, especially within the past 150 years, the kind 
most common in fireworks differs very little from those illustr: ated in their oldest 
surviving descriptions. 

The classic rocket composition is a variant of black powder containing excess 
charcoal, often in particles of 80 mesh or coarser, rather than fine dust. Saltpeter 
content typically ranges from 60% to 65%. Albertus Magnus, one of the first 
Europeans to write about black powder, endorsed a 6-2-1 ratio for both rockets 
and crackers. One Arabian rocket propellant, also from the thirteenth century, 
contained an unusually high 69.5% saltpeter.”” A common Chinese recipe was 4- 
2-1, or about 57% saltpeter, while Congreve's war rockets of the early nineteenth 
century used 62.4%.'° These propellants are not milled like black gunpowder, 
and it is this, as much as the excess fuel content, which gives them a much slower 
burning rate. The traditional skyrocket is also notable for having a tapered cavity 
through most of the length of its powder charge, in order to increase the burning 
surface. Many authors state that the powder column should be perforated for 


Mable 15-32. Black Powder Rocket Compositions. 


i 2 3 
Potassium nitrate 60 60 58 
Charcoal, air float 20 22 25 
Charcoal, 36-mesh 10 - - 
Sulfur 16 0 12 
Extra-fine meal ~ - 5 
Aluminum, flake - 8 - 

(e.g, US. Aluminum #813) 

Nores: In Formula 1, adjustment for speed is accomplished by varying the proportions 


of saltpeter to charcoal, keeping the sulfur constant, or by varying the two types 
of charcoal. Less salepeter and more charcoal will slow the coroposition, more 
saltpeter and less charcoal will speed it. Formula 2 is a variant in which part of 
the charcoal is replaced with aluminum flitters, to give a more brilliant spark 
effect. In Formula 3, speed is adjusted by raising or lowering the quantity of 
meal powder; more for faster, less (or none at all) for slower. 
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Table 15-33. Rocker Case Dimensions 
American Size LD. 


40%. a” Sy 5” or less 
8 of. Yer Si” 64/0" or more 
Lib, Ye tA” Tee 
2 Ib. US. Bar" about 9” 8 OF, 
3 tb. a var 10” 8 oz. or 12 02. 
4b. py VA” 12" tb. 
6 tb. or 8 Ib, ie" gua 15” or more 21. 


about six-sevenths of its length, with the final seventh being solid powder. In for- 
mer times, this cavity was sometimes called the “soul” of the rocket, a fitting 
analogy, since there is nothing tangible in it, yet the racket has no “life” without 
it. It is often suggested that the core-burning design was adapted because in 
early times there was little or no truly fast-burning powder, comparable to today’s 
commercial meal. This is plausible, considering that the purification of saltpeter 
was difficult and laborious, and the modern type of wheel mill was not in use m 
the middle ages. However, the fact that this ancient design has rernained in use 
for so long is not purely a matter of tradition; it has practical advantages. Power- 
ful rockets can be made from inexpensive hand-mixed powder that does not 
require time-consuming milling. The surplus charcoal would represent ineflicien- 
cy to a military engineer wishing to fire a missile as far as possible, but in a fire 
work or signal rocket the long golden tail makes a positive contribution to the 
display. 

As mentioned earliex, the rocket nozzle or choke was traditionally formed by 
constricting the parallel-wound casing with twine while it was still damp. Appar- 
ently, this method is still widely used in some countries, and may have points of 
superioxity. The shape of the pulled-in choke bears a close resemblance to that of 
more modern rocket nozzles, especially when the relatively low exhaust velocity 
of hand-mixed black powder is taken into account. Kentish" recommends a 
refinement in which a small amount of clay is rammed in the convergent portion 
of the choke te protect the paper from the stream of hot gases. For decades, most 
rockets have been made with rammed clay chokes. In most of these, the shape is 
theoretically not very efficient, but in practice it serves well enough, and skyrock- 
ets of 1” to 12” Ld. go higher than most other fireworks. Some signal rockets are 
choked with nothing more than a metal washer crimped in place. 

Skyrockets are usually loaded on a spindle having a gradual taper (Fig. 18-7), 
in order to make them easier to remove when finished. The base of the spindle is 
normally one-third to one-half the diameter of the inside of the casing. Tf made 
with the old-fashioned pulled-in chokes, the cases are, of course, dried thorough- 
ly before being charged. With the more common machine-made tubes, the clay 
nozzle is formed in situ, using the same spindle which makes the core in the 
powder charge. Skyrockets require a series of special raramers called drifts 
(Fig. 15-8), each of which fits over the spindle rather closely at a given stage of 
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A = diameter at base of spindle 
B = overall spindle length 
Cc C = length of tapered portion 
D = overall length of base 
E = straight portion of base 
F tapered portion of base 
G = diameter of spindle at choke 
Ho = diameter of spindle at tip 
: 
LF 
| 
a 


Figure 15-7. Rocket spindle dimensions 
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Figure 15-8. Rocket dvifis (rarnmers). 

loading, Because the spindle tapers, each successive drift has a smaller diameter 
hole, Usually there axe at least thece of these bored-out earnmers, in addition to a 
solid rammer to consolidate the final increments of composition aver the top of 
the spindle. The first drift may be angled at the end in order to give a better 
shape to the throat of the nozzle; the others ace squared off Hke a normal solid 
rammer (Photo 15-26). If the same drift were used far the entire loading proce 
especially on large rockets, by the time the powder level reached the tip of the 
spindle, there would be a significant pap between the spindle and the solid walls 
of the rammet. This would mean that the powder ncarest the spindle tip was not 
properly consolidated, and could result in irregular performance or even explo- 
sion. At the same time, it is vital that the worker avaid changing drifts too 
lest one jam on the spindle or damage its dp. As with most other eubulac fre 
works, ight of cach compressed increment of rocket powder should be no 
more than one diameter In large, high-performance rockets, the increments may 
be proportionately smaller because consistent loading des s especially impor 

tant in the: nd even 
an bydraull 


devices. Hand ramming is a knack which requires practic 
press has to be used with care. Inadequate or uneven compaction 
will leave the powder soft and crumbly in spots, while overzeafous use of the 


mallet can result in cracks running through an otherwise dense and solid charge. 
Either of these situations is likely to make the rocket explode when ignited. In 
rocket motors of this type, the peak thrust is achieved within one or two seconds 
of ignition. The solid powder column shove the spindle contributes very liste 
thrust, and is primarily a delay allowing the rocket t teach its maximum altirude 
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before bursting. Thus the depth of the 
pose of the rocket, as well as the individual batch of composition. In 
ets, up to about 42” bore, the compressed powder may have enou 
strength to act as a “bulkhead” until it burns through. In larger ones, much better 
timing is acl « layer of clay is rammed on. top of the powder. This 
1 be drilled with an ordinary bir to allow for the transfer of fire to the 
ing 5, once the final dimensions have been determined, it is usual ro 
employ @ special top rammer with a small hollow dp (Fig. 15-8. sighemost; 
Photo 15-26, rightmost). This tool consolidates the clay and leaves a hole in it, 
all in one ation. Rackets af 7° bore and under may be rammed solid, then 
finished by piercing to form the cavity, This technique has been in use & 
tur is used by the Chinese in their tiny “bottle roc] 
which rank among the most papular consumer Greworks im states where th 
permitted. 

Even the proportions of skyrockets have not changed very much over the cet 
ies, 3 ey do vary a Hetle from maker to maker Ken an. his 
xplores these proportions in great detail, and gives the 


slid portion depends on the size and pur 
mall seck 
phy 


for cen= 


standard ratios as follows: 
Internal diameter of ou i 
External diameter of 1% 
Length o Bh “ wee 
Length of spindle -. 2... 6 
Bottom of diameter of spindle Ys 


Weingart’ describes rockets which are longer in proportion to tt 
case lengths approximately ten times the bore diameters instead of 
Whether b 


ht. 
ausc American commercial manufacture of rockets dwindled te 
insignificance not long after Weingar’s book was last rev 
work has proven so popular among hobbyists, proportions similar to his 
in commmon use in the United States. A sct of 44° rocket tools, made by av 
koown supplier, has a 52” spindle, a full inch fonger than is called. for by I 
tish’s formula, and is meant for 2 case length of 71/2 inches. All of this makes 
nse. when we consider that many of Kentish's compositions contained meal 
ler, while those used by Weingast (and most of his followers) do not. 


po 
compositions sequire shorter spindles, larger vent boles, or both. Another consid 


eration is that even when the spindle proportions are exactly the same, small 
ts can use a slightly fastex powder than large ones. This is one of the reasons 
why old works on pyrotechny give so many different compositions for rocke 
Weingart went so far as to recommend that part of the saltpeta 
rockets of 114° bore and larger. In practice, one can make good skyrockets in all 
the normal sizes, from 1/2” bore op 2", with the same composition. 
However, when trying to adjust for maximum performance, the balance can 
become more delicare. 

"To illustrate, a series of cockers was made with the mentioned 44" toolir 
keeping all dirnensions as much the same as possible. Por ith 


03 


PYROTECHNICS 


60% pe umn nitrate, 30% charcoal, 10% sulfur in 2 


the only variable 


being 1 of sx different Kinds of charcoal, Willow, grape 
charcoals gave notably more acceleration and greater altitudes than the standard 


hardwood charcoal powder which is widely used in the Greworks industry. Buna 
time of the fastest wes 1.8 seconds less than the standard, a long 
skyrocket. Lates, some of these powders were used to make 1/4" rockers 
on an hydraulic press. The tool set available had been adjusted for a composition 
small percentage of meal powder, and as expected, the rockets con: 

taining only standatd charcoal gave barely adequate performance. The ones with, 
willow charcoal made an unusually loud reas and required about 5096 more solid 
powder over the spindle to alow them to reach full altitude. Those made with 
doded, and could not be used until their ne s were relieved 
with a dill bic Interestingly, the Hinear burning rate of the vine charcoal compo: 

sition differed little from that of the willow charcoal version, but the willow char 

coal used was a very bulky, flaky material that resulted in a low loading density. 
‘The same siz pressed at the same presstre setting, held about 20% more 
by weight of the grapevine powder, and the resultant gas production was more 
than the iderations in mind, it is pointles 
to list extensive recipes for compositions to be used in different siz black 
powder rockets, as many old firework books de. Nonetheless, the compositions 
shown in Table 15-32 may be taken as points of departure, and are easily adjust- 

ed to fit pias materials and tooling with a few trials 
Whil 


: straightforward once one 
ay the na names assigned to the different sizes cap be very fue 

ing. Rockets have long been designated in terms of “ounces” und “pounds,” but 
those whe bother to check will find thar the actual weight of the produce for ale 
is not even close to its nominal size. ‘The terminology originated in the days 
when rockets (and many other fireworks) were rammed in metal moulds, In 
those days there was not se much difference between military and civilian 

pytotechny; many of the men whe made display rockets were also gunners, who 
tended to think of all projectiles in terms of their externaf diameter. It is probable 
that the ramming moulds were bored with the same reamers used for cannon, 
bartels; indeed same of them might even have been made from pieces of discatd 

ed guns. It was decided that the internal diameter of a rocket ought te be rwo: 

thirds of its external diameter, a ratio which still for the most part helds true. A 
hit of rounding-off was inevitable. A quarter-pound lead ball measures just over 
ant inch, and if this is rounded to an outside diameter of 114” the inside diameter 
yuarter-pound rocket case becomes 2 convenient V2", A one~pourtder can- 
act a bore of a little less than two inches, and would correspond to a rocket 


an be seen that, although this nomenclature would always have been con- 
z to an outsider, it was not arbitrary, Mest of those in a position to become 
pytotechnists knew the size of half-pound, one-pound, or two-pound artillery 
a matter of course. "The key Guncison fA xockct was its external diamete: 
all its other dimensions were easily calculated from this.’ The same formuls 
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be used to detertnine the dimensions for rockets which did not correspond to any 
standard gon, including some se small that they were designated in drams 
s gradually abandoned, it bec 
convenient to think in terms of the jaerzal diameters of the rockets, but ch 
nained the e. By 1878 Kentish argued, “[the names in use enable the 
s to understand each other, but they are not mathematically correct, and 
to art amateur.” Especially in Britain, the design 
eserved to this day, feng after the spherical cannonba 

rave become historical artifacts. Unfortunately, the s 


rather than ounces.” As ramming in moulds ¥ 


the gunmetal mould 
does not ered here. 

Ar sare point American sizes diverged from the English and European ones, 
and the American rockets hecame much smuailer for each nominal “weight.” It is 
difficult to find precise details on this trend, but if appears to have occurred in 
the early twentieth century and was probably a by-product of agg: 
ch producer trying to make his rockets sound a fi 
the others. Weingart complained, “folf fate, the diameters and lengths of Ror: 
candles and rockets have been changed and reduced se often that no standard of 
sizes can be given...” Actually, Weingart’: own sizes correspond closely to those 
turned out by other American manufacturers at the same peried, sugge 
the shrinking of rockets, relative to their nominal size, had leveled out by the 
period ar which he wrote. Manufacture of display rockets in the United Seat 
but ceased oy the 1960s, removing any further temptation to “fudge” on Uh 
ere designations remain typical today, as much as there can be said. to be 

tandards for anything that is not a normal article of coramerce and is made pri- 
rnanily by hobbyists. Current American regulations limit skyrockets sold to the 
public to 14” bore and 20 grams of composition, yet some Chinese imports ai 
designated “6-ounce,” which according ta Weingart, meant %e". The system he 
become so meaningless that it probably should be abandoned, at least in the 
United States. Typical case dimensions are shown in Table 15-33, while spindle 
dimensions are as Mlustrated in Fig. 15-7, and listed in Table 15-34. 

When firework people from different countries talk to each other without 
knowing about this situation, the potential for confusion is obvious. The old 
American “four-pound” rockets would be “one-pound” in Britain; actual 
weight of such a rocket, complete with guiding stick and heading, is approxi- 
mately two-and-a. half pounds. 

When rockets were the predominant form of arial freworks, they 
in great variety, and were sometimes very large. One seventeenth-ce: 
lish reference offers advice for making rockets up to 4 thousand pounds. 
rockets this large were actually fired at that time is uncertain. Ho 
well-documented accounts of successful flights with motors considerably larger 
than any powder rockets on the market today In 1668, Colonel C.E. von Geissler 
saw the construction of 50- and 120-pound rockets, the German pound 
mg a little larger than the English. These rockets were successful and carried 


, the standards were 
each other, 


* Although the pound 


sate 
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Figure 15-9. Figure 15-10, 
Caduceus rocket Multistage racket (after 
lafter Jones}™ Simienowicg 


16-pound bombs to « considerable distance, Congreve's war rockets, immortal 
ized in the Star-Spangled Barner, were not as larg the earlier German ones, 
but the 32- and 42-pound sizes had a range of nearly two miles.” Robert 
Joves'® remarks that rockets up to 34/2” outside diameter can be rammed well by 
hand, but larger ones require a machine similar to a pile driver. The Pyroreebsist’s 
Treasury" raentions rockets up to a nominal 24-pounder, which had a 3? bore 
und would have weighed closer to fifiy pounds complete. Even in Kentish’s day, 
however, rockets larger than 11/2” to 2° hore were uncommon. The task of carry 
ing large payloads of stars and other pyrotechnic ts was already being taken 
over by shell 

As the seventeeth~ and cighteenth-century illustrations show, many ap s of 
ancy or composite rockets were in use. One of the mas 
caduceus rocket (Fig, 15-9) with two motors attached to a ingle st 
to give upwand propulsion, but also rotation around th: 
duces a double helix of fire which resembles the interts 
ancient medical symbol. Multi-staye or “step” rockets have ven in use for 
venturies (Fig. 15-10). As modern military forces koow, this technique allows 
one to achieve much longer ranges than are possible with single-stage rockets of 
comparable size and construction. In 1855, Colonel Boxer adopted the pwo- 
design for a type of lifesaving rocker, which carried lines from the shore to sink- 
ing ships. However, the technique was used much earlier to add variety to fire 
work displays. Jones remarks that “they are called Towering Rockets, ont account 
of their mounting so very high >* 
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‘There are very old references to methods of firing rockets from underw 
‘The use of fing or vanes to replace the archaic guiding stick is another variati 
which been “resis 
hae “rey 
three centuric 
can be more 


ered” many times. Davis“ states that this type of rocket 


id two ox 


earlier (Fig. 15-11}. Fins, or as they were often called, * 
ly efficient than a stick and are fe 
winds foe mi are very significant advantages. However, 
take longer to assernble and are difficult to stact on a straight path with- 
fcated launching rack for each size. Stic ple and inex 
ive, and are quickly and easily attached to the rocket casings. The greater 
weight and drag of the traditional stick is rarely a problem in display work. In 
fact, a good 1" or 12" sky ill go higher than most shells, and sorne- 
s disappoints because its celatively small burst of stars is so far away! In 
ont times, “Class C” cockets with fins have become quite papel 
convetition of calling them “missiles,” and their resemblance to the military 
is undoubtedly a large part of their appeal. Some of the body tubes appear qui 
large, but they are subject to the same composition limits as the morc traditic 
skyrockets. Often these missiles are equipped with eyelets and are micant to be 
of steel launching rod, to help overcome their tendency toward 


cratic flig 

Por centuries, rockets were the main kind of esial firework, and all major dit 
plays featured them in large numbers. Unusually large or fancy types were exhib= 
ited one at a Gime, but onc of the most popular and spectacular uses of skyrockets 
was the “flight” or “bouquet.” Tt was common practice to fire dozens, or even 
bundreds at once from specially constructed racks or Hight boxes. (Phote 15-27) 
One particularly grand display in London in 1749 had 100,600 one-pound rock- 
ets in the finale alone! A Paris display of 1893 featured a bouquet of 15,006 rock. 
ets of unspecified size, and flights of a mere dhousand were not ton uncommon. 
before World War TL. Most peopie still think of rockets when the 
works; some can be shown the shells and told what they are, and will sti 
them “rockets.” However, shefls had already begun to dominate the arial scene 
during the Victorian era. Today, especially in the United States, skycockets are 
hardly seen in pro ral displays. A single-break three~ or four-inch shell can 
carry as much material as the old American “®ux-pound” rocket, and for most 
fects, the altitude attained by the latter is not worthwhile. Large rockets are 
mere troublescine to ship than shells: aside from the potential for damage to the 
arge, the sticks make them awkward to handle. The main factor in 
the demise of rockets has been concern over falling sticks and casings. While the 
danger posed by sticks has been exaggerated, there is the porential for serious oF 
even fatal injury when the stick of a large rocket remains attached to its body. Ac 
best, the sticks and casings cause more litter than is evident with good shells, bue 
this docs not seem te cause too much concern in other lands. Great Britain is 
known for its very strict laws on firearms and explosives, but skyrockets are stil] 
common. in British firework displays. Rockers are even more popular in Spain, 
Portugal, Mexico, and many South American nations. Quite large ones of 1” to 
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1” bore, usually tipped with salutes, are used by the general public and may even 
be launched from the hand! Besides a strong cultural preference for rockets, most 
of these countries have a completely different attimde towards insurance and Hiti- 
gation than we find in the United States at the present tir 

While the core-burning skyrocket is still the preferred type worldwide, many 
other designs have been used in pyrotechny. End-horning black powder rockets 
are made with cornmercial meal poveler, often with a little excess charcoal or 
other materia] to regulate the huming rate and give a good display. This type is 
usually pressed by machine and is popular in German ome other Europ 
countries, ling to Ronald Lancaster™, “(ethese roci do not look as 
attractive as tre nal rockets since the gold tail is reduced, neither do they go 
us high, but they are easier and cheaper to make.” Ead-hurning motors are more 
tolerant of slight vatiations in the composition, and if well mace, they have good 
physical strength. ‘These characteristics make them especially useful for signal 
rockers. 

Whistling rockets have become popular among the firework-buying public. A 
whistle tube may be attached t the outside of any si c abination 
effect. However, the term “whistle rocker” generally refers to a device in which 
both sound and thrust are generated by the sarne mixtuse, These mekets usually 
have a small cavity at the rear of the propellant charge, but it is uot as deep as the 
cavity in a traditional rocket. of the same size, Whistle compositions produce 
tore energy than any type of black powder, although the fact that whistles lad 
the choke or nozzle keeps the actual specific impulse well below che theorerical 
yield, Commercial whistling rockets are emall, only 4° s 4? diameter, and 
usually made with plastic tubes, Whistling rocket motors can be much larger 
than this; hobbyists often make them with a 1” to 12” hore, using standard rock 
et casings which have been cut shorter. Some of these rockets are quite powerful 
and produce a deep, mournful how! worthy of a wolf, or the legendary 
Unfortunately, even when made by experienced worker 
handling, changes in ignition methods, and other factors, and they can be very 
destructive should they explode. Because of the danger level, if seems antikely 
that. they will become commercial products. 

Pyrotechnic arasts who are net manufacturing for commercial sales may use a 
‘ariety of exotic propellants, ranging from castable mixtures to the zinc and sul 
fur powder popularized by model rocket clubs. Adding iron or stee! filings to a 
standard black powder rocket is an old variation, which gradually fll by the way 
side because the hard particles tend to damage ramming tools and may caus 
enough fiction to be hazardous. Nonetheless, metal powders have made a come 
back, and today, titanium is the most popular of these additives. 

One unusual firework which is currently popular among hobbyists is the strobe 
rocker. “(he propellants employed are derived from compositions for strobe stars, 
and generally contain anmoniezn perchlorate, magnaliums alloy, and other ingre- 
dients. ‘The flashes can be almost any color, and in addition to the uniqne visual 
cts, these motors produce a sputtering or chugging nuis 
single-cylinder engine. They are loaded on a shortened spindle, as are the 
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Figure 15-22. : 
cal pot i larger’ diameter; right. 


xfer reans;” center, cylindri~ 
divergent cone, 


whistling rickets, but the strobe Qype normally has a clay nozzie. Stabe rockets 
carry Emited pay loads due to their intermittent thrust, and th almost as 
prone to accidental explosion as the big whistler Hf they are kept sell, the 
ger and it is possible that they cou! become consumer product: 
present, strobe rockets must be considered a novelty, but it was not long ago that 
me oould be said of whistling rockets. 

Jal exhibitions, rockets may have elaborate headings, such 


enth century, a simple load of stars and powder was the rule. 
‘Che thin casing that hokis these terminal eflects is often called the “pot,” and 
may or may not be fitted with the Familiar conical cap. Many comme: A rockets 
pen onl tars, which can be hekd in the cap alone, Somewhat more ca’ 
in a few turns of paper rolfed onto the rocket and tied off aft 
ed “faux-fourreau.” When a full payload is used, the top end of 
the rocket casing can be built up with a strip of chipboard so it will mate to a 
burst ¢ 6, of larger diameter. A similar approach uses 2 divergent cone, so 0 

the rocket feed ie largest where the cap is attached (Fig. 15- 1D Large skyrock- 
ets, which m: cad to a thousand fect or more, are particularly attractive vith 
long-hurning strcamer stars. Another simple heading which is always popular is 
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ces shred the rocket casing. and at the very least, ack will break the 
ick or detach it fforn the casing. This deals the wrodynamic stability of the 
pent rocket, so that instead of filing at high oa it becomes relatively 
harreless bits of Hitter. 

rockers can carry catneras or live anie 


ework contponents, At one time, it was not unusual for the head of a 
large rocket to contain several small ones. Use of soft-cased “silent” flash inserts 
npagos has already been mentioned. However, one of the truly classic rack 
s the parachute flare. Parachutes can certainly be used with success in 
bomubshelfs, but the relatively thick, strong casing which is necessary in order for 
hell 9 withstand its lifting charge adds to the difficulties. The pots of rockets 
can be made with lightly constructed tops so that the contents pop out the ends 
with very little force, just what is necded in the case of parachutes. Even with 
this advantage, parachutes require careful construction and leading. Silk, cotton 
and synthetic fabrics can all be used, but most parachutes in commercial fire: 
works are made of tissue paper. Handmade tissue is te be preferred bocause it has 
no “grain” and is not therefore likely to take a set when it has been folded for a 
long period of time. The pyrotechnic material is suspended on stout twine, usual- 
ton, of sufficient fength to keep the parachute safe fom ally the 
consist of one or more flares, although they may be cascade cases, smoke 
or small spinning devices. Whatever it may be, it is placed in the rocker 
head atop a rnild blowing charge, usually a small amount of coarse grain powdes 
ox even a rolled-up picce of bare match, ‘The five material covered with 
wdust, bran, or other filler, Packing a parachute is a skill whieh requites prac 
fice; the usual procedure is to fold it into a narrow wedge and then to roll it 
Lightly into a cylinder, finishing by wrapping the cloud lines around the paper. 
More bean or sawdust fills the empty spaces in the rocket head. Rockets with 
parachute fares are still used occasionally for signalling, and when rockets are 
seen at all in modern American displays, they are often the parachute type. A 
further refinement which can be very attractive is the of a long chain of small 
lights instead of one large one. In addition to the usual complexities of para 
chutes, a chain has to he rolled up in such a manner that it will unroll com pletely 
after being ejected, without burning through the cord. Since the regular epacing 
f very evident in the = much of the effect is Inst ifone of the flares 
falls off ov fails to ignite. The technique is quite difficult to master, but the use of! 
rockets instead of shells helps make ic a little more reliable. Good examples of 
the ilable from Spain. 
or girande was sametimes used in the past to mean a volley 
of separate rockets, more commonly called a “flight” or “bouquet.” However, t0 
nwst pyrotecbnists, the giandola is 2 rocker-propelled wheel. In ght of 
moierm-lay mythology it is amusing to note that thi rather obscure and 
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capricious fireworks were also traditionally known as “flying saucers.”"’Phe fran 
are usually made from rattan ec bamboo strips, which are flexible enough to 
formed into wheels and are strong in relation to their weight. The central boss of 
the wheel has a smooth, round hole which shies over a spike or guide rod on top 
of the launching pole. A small girandola may only have rockets attached to its 
rim, at about a 60-degree angle, which spin as well as lift the wheel, Larger ones 
se. driver ¢ 


in the sarne manner as a fixed wheel, and have rockets, sor 

or to 
pots 
consid- 


intermediate points of attachment. They may be equipped with colored 
or far well. Usually, the fancy girandolas are designed to turn for 

erable le: ong’ h of time on the ground, like an ordinary horizontal wheel, bet 
rockers ignite. Some of them even have specially made rockets, or re 
ets, which cause thern to hover in the air, or descend and then re~ascend. 
the structure may carry a bombshell, or more commonly, each rocket has a head 
ing which bursts at peak altitude. Jf anvtbing goes wreng with the balance or 
timing of a girandola, the fight can become highly erratic, and the size and 
weight of these pieces demand alertness from the spectators. Clearly, no 
pyrotechnist should even consider tackling girandolas until he is able to made 
good wheels and consistent, powerful rockets. In any case, it is pointless to give 
exact specifications, since ~ outside of commercial manufacture, where prefabri- 
2 i , complete with holes to accept the rocker motors, are offen 
J and reproducible ~ each one is a custom project. In the United 
andolas are made only by a handful of hobbyists. They are more com- 
mon in countries which have many artisan pyrotechnists and a strong tradition of 
rocket-making, Mexico being the most noteworthy - exarniple {Photo 15-28). One 
Americar: ae t, Tom Dimock®, notes that “in Mexico, injuries suflered 
during fireworks chows are considered a badge of honor In the United Srares 
they are considered cause for a major lawsuit.” 

Tourbilfion is the classical name for a modified rocket which rotates in a hori- 
zontal plane; the terra is taken from the French word for whirlwind, Another 
early term for these fireworks is “table rockets,” since they arc best fired from a 
hard flat surface. More recently, the small ones sold to the public have been ae 
variety of names. Since @ the Second World War, two of the most popular 
American brands have been the “Buzz Bomb” and the “Helicopter,” and these 
ve become practically generic names for tovrbillions as far as the consumer is 
ned. Most of these devices are abour '/-inch id. and four inches long; the 
Chinese ones are made in great variety and include some as small as /2" X 2”, 
The “wings,” made of plastic or chipboard on Class C tousbillions, secre. to 
inspire a lot of misconceptions. Twisted or beveled edges suggest that the wing 
an aiss is scsponsible for lifGng the device. Incxperienced users 
are often observed to stand tourbillions on end when firing them, and are then 
perplexed when only about half of chem fy These fireworks should always be 
fad flat on a smooth surfice, as it is the vata vector of the ust which 
causes them to fly: Tousbillions were working centuries before gasoline-powered 
helicopters came on the market, ancl most of the old ones used simple flat 
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rake J short pieces of wooden hoop, because the v 
ade the tips fess likely to snag on uneven ground. This is not to s 
angled exlges ase a bad idea, but the crde ones found in most commerci 
ples conenbte little if anything to their ascent. The “wing” is more accurately 

# cep the tourbillion horizontal, and to pi at the 
device from ‘ipping over on the ground at the critical moment when it fest 
. Some old references describe tourbillions which 
clayed and drilled in the centers like saxons and were fires 


al rads 
Tourbillions werc formerly made much larger than today’s co 
ings, a typical size being one-inch bore and 8” t0 16” long, and thes 
used multiple vent holes (Pig. 15-13}. "Gj i 
plugs were ignited simultaneously by q vate] to spin the device. Only “when 
it was rotating at a good! rate of speed did the fusing reach the two, sometimes 
four, lifting jets underneath. Such tourbilliens rise almost perfes 
are more velit ble than the small single-hole variety, but they require more time. 
and skill to make. Toorbillions traditionally contained iron or steel filings to 
enhance their effect. They use their propellant (Table 19-35) rather is fently, 
pardally on account of the heavy case. as well as on account of the enlargement 
of the vents that occurs as the gases and flames shoot through them, and cannot 
ly as high or carry as much weight as skyrockets of comparable size.” 
Baileens have sometines been used in connection with firewor 
y such things 


displays to 
cascade cases, wheels, and various designs made from fances, 
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wide and a hundred yards long. A Currier and Ives print of the dedi- 
ion display for the Brooklyn Bridge in 1883 also depicts a balloon with 
otechnic garnishment. Even some turn-of-the-century children’s Recrature 
§ Instructions for artaching ale fireworks to. Ballons which must have 
ghbers. At least one 
hoax of the 1950s used the ir ple piles oer safety flares, 
fof by surphis weather Tallooee: Whether because of fire danger or sirm- 
¢, such devices have been. very litle used ie display work in 
wal of dirigibles for use at sports events and other large out- 
door entertainments appears to have porential for the pyrorechnisr, since these 
vehicles aze so much more controllable than fee balloons. It is also worth merr 
tioning that the term balloon or Jaffer was often used in old works on pyrot 
ny to mean a spherical bombshell, rather chan a fighter-than-air fying machine. 


Shells 


Accial bombshells are the most popular of all display fireworks, many public dis- 
plays consist of nothing else. "The simple term “hornb” or its cognate is correct in 
mast European languages, but many people seem to find it impelitic and today 
the word “shell? is more commonly used. Occasionally shells been made 
oval — a prolate sphervid is the more precise term — or in embling a 
medicine capsule. One accomplished hobbyist even build 
course have to y 8 
although he has yet to perfect a square break. In practice, almost all shells are 

net spheres or cate 


gainst Hf powder 
reached a suitable alti 

. The traditional fuse is the spolette or Roman fas je by ramming pow 

dler in very strong parallelwound tubes. Spolette tubes art sional y about ¥2” te 
12 ips Hiamoter and ne to 4” long. Jn some parts of Europe, plastic fuses ere 
non, made 
oly i€ ever made in the United States. Spolettes are aly filled with s 
commercial meal powders, which is rammed hard in small incrernents for maxi 

mun strength and consistency It is usual to ram. the last increment with a point 

ed ool, of, if using « fat-ended tool, to scratch a groove or drill a hole in the 
compacted powder. While black powder normally provides excellent fire trans 
such measures are intended to give a longer flame spit im an application where 
reliability is at a premium. The empty space in the spolette is filled with short 
pieces of bare match long enough to extend beyond the end of the tubc, and a 
paper nosing js tied to hold the match in place. It is usual to punch a sinal] hole 
im the papes between the tube and the Higature, to serve as a gas vent, The 
matched end of the finished fase usually projects into the shell’s bursting charge, 
while the flas, bare end of the powder column is on the outside. Properly made 
fuses of this type are quite sturdy, but for safety’s sake, they are placed at the tops 
of the shelis where they will not be sub} : from the lifting 
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charges. Methods of attaching lifting powder and ignition devices will be dis~ 
cussed Later. 

When made correctly, spolette fuses are extremely reliable and give very precise 
timing, Thes stics are particularly important for the secondary effects 
ef complicated multi-break shells containing timed reports and similar devices. 
However, because of the skill and the time required to make them, spolettes art 
no longer common as the main time fuses in cornmercial shells. Con! fuse is 
ubiquitous in Oriental shells, and the 4" Chinese and Japanese products ate 
snsively used in other countries as well. Many American makers prefer the /4” 
domestic fase, which is physically stronger as well as having a heavier powder 
core. Whichever style is chosen. the ends must be prepared to insure good fir 
sfer, and there. are twa basic ways of acoomplishing this. The fuse may simply 
be cut cleanly, preferably at an angle to expose as much powder surface as pe 
ble, and then primed with slurry and grain powder. Hf'a water-soluble binder is 
used, special care must be taken to allow the fises pleoty of doing time, the 


ique 
chow tte corredl . cut £0 
allow 4” to 14” extra on each end. When punching heles in time fuse, it is 
important to see that they are well centered and that a minimum of asphalt is 
smeared into the powder core. Holes should be made just lage enough to 
accommodate the match, and the fuses should be squeezed after the match. 
inserted to help hold iin place. This technique requires more time and skill than 
slurry priming, and can be especially awlovard with the smaller Oriental fises. A 
common variation is fo spit the time fuse down to the timing mark, place the 
match in the cleft, and tic the fuse tightly back together at the gat Many 
pyrotechnists consider cross-matching more trustworthy than slurry priming, 
and it has the added advantage that the surplus length at the ends often makes 
the fuses easier to manipulate, such as when tying on burst bags. 

Round (ball) shells are sopare y the oldest type, nishough the ones used in 
past centuries differ in several ways from the style popular in Japan and China 
today. Paper is the mest common and most versatile material for the casings. In 
1 shells, especially large ones, were reinforced by the addition of 
ic; this techaique is not apparently in use now, but it appears to have merit. 
Small wooden shell hemispheres were once made for sale to the Hreworks trade, 
as were thin casings of zine or other metals. Today. moulded plastic hemisphere 
ally PVC or polystyrene) are available at reasonable cost and are quite 
popular in sizes up to six- or eight-inch. These sets are easily assembled by paint 
the joints with a chlorinated solvent such as methylene chloride or 

richlorocthane, which dissolves enough of the plastic to form its own “glue.” 
Makers with an eye for quality often finish plastic shells sith a few Jayers of 
ted paper fo promote a more even break and to seal any pinholes around the 
mor the fuse area. Plastic hemispheres are primarily a commercial pet dient 
signed to save time; although some attractive effects are possible with them, 
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they are in the minority among exhibition-grade shells. Another disadvantage o 
plastic is that it leaves shards of litter which are often sharp enough to inflict cuts 
on members of the public who may pass through he fall-out area later. The 
manufac per hervispheres has been described elsewhere”, and will be 
itted here because most shell makers purchase them frorm outside sources. 
Phey are available in ali the standard sizes from 3” to 12”, and even ones of 18 
er 24” are far from being uncommon. Wall thickness varies with caliber, but the 
usual style requires considerable amount of additional paper to make a good 
santhemum-style shell. In some cases “nesting” hemispheres ave i, which 
of an inner set plus an outer set with a tetal wal! thickness about twice 
that of che plain hemisphere sets. This is one Gme-saving product which gives 
© if managed properly; the paired casings require only two or thre 
layers of thin pasted paper to seal and finish them, Nesting sets are usually avail- 
able only in the most popular sizes, such as four-, five, and six-inch hen 
spheres. 

Simple bal] shells with rammed time fuses were traditional in northern Euro 
pean countries; such authors as Weingart” and Brock emphasized the style as 
Tate as the 1940s. Undoubtedly; some pyrorcchnists had favorite designs whi 
they did not share with others. As a nile, however, the bursting powder v 
with the garnitures; in the case of a plain star shell, the he : 
night actually be assembled first ard filled through the fise hole, the time fuse 
added last. Additional pastewrapping was mininoals most of these shells 
ot intended to produce especially hard or symmetrical. bursts, and their 
only needed to be strong eneugh to withstand the lifting stresses, This is 
not meant to denigrate the old efforts, which, cacept for the fusing method, did 
not differ greatly from many shells fired today. With many of the basic effects, 
salutes, cannonades, or hummers, it can be difficul: even. 
Ender. How 
and have been car 
to very high levels of artistic refinement. The mast € € round shells 
have been perfected in Japan, and are imitated commercially with varyi 
degrees of success in other countries, notably Taiwan and maintand Chi 
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(A) Five reports {B) Willow (€) Comic f 
Figure 15-14, Poka shefts (after Shimizu}.”* 
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~ Hanger loop 
Case Pee 
Stars 
———— Burst charge —— 


Inner petal stars ~ 


Pistil stars © 


—— Time fuse 


clk (after Shimizcor™). 


Figure 15-15. Wasimono 
: double-peialled. 


Left 
J information on Japanese fireworks can be found in the w 
imizu, which began to appear in English in the 1970s. The most ¢ 


Detail 


Takeo 


prehensive and practically oriented is Fireworks: The Art, Science and ‘Teebnique™" 
(1981, revised in 1996). Shimigu’s writings have been extensively quoted and 


sd without attribution, and fo such 


paraphrased, both wit! 
recent material pubfis! 
valid when applied to Oriental practice. There have been. other 1 
tributions to the Bterature on ubject. by various cesearch 
some of whom hay de “pilgrimages” to Japan. However, considering the great 
popularity of Japa yie shells, a few general remarks here should not be 


vt that much 


is a kind of Japanese shell called the poke (Fig. 15-14) which contains 
small bag of bursting powder tied to the time fuse, and produces a softer 
Js than the old European ball shells, Typical garnitures in poka shells include 
table paper figures, timed reports, and an effect called “falling 
cs s $F paper are coated with a dow-burning coler vom 
position. However, the epitome of the Japanese styte, the warimono (Wig. 15-15), 
uses a powerful central bursting charge te produce a large globular pattern of 
stats, Symmetry is considered the primary artistic goal, although & may be 
enhanced by many other features, especially color changes. More often than not, 
the the shell is called a chrysanthemum; aside from the ele 
ganic ffect, the chrysanthemum flower has special significance as the 
ancient imperial symbol of Japan. The term is often loosely applied to all hard- 
: 4 shells, bur the Japanese are more particular. When s sth no 
edinary color stars, the shell is called a “peony” (otan). How 
Hira-kira (Table 15-25, Formula 1) and the “brocade” or 
um (Vable 15-25, Formula 4) — are referred to as peonies 
s the brilliant aluminom star is also called a peony 
otan ~ even though it has a fight streamer effect. Magnesium stars a 
cut, then coated in the tumbler with a suitable ignition mixture. mostly 
ased in poke shells, However, if they are carefully made, the round stars so 
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are also suitable for the spmeetrically-bursting 


type. Either way, the 
hed shell is called a “dablia,” a descrip 


form 
Pots 


‘o-fitanium mixture (fer the usual cffeet) or froma red 
Star composition into which about 15% ferro-titanium has been incorporated, 
iving the effect of a colored head with a spark tail, Other star shells in the 
Japanese tradition use the relied spherical stars described earlier; selection of the 
proper sizes and burning rates is especially important for these stiells. 

tn general, fast-burming compositions are preferred for peony and chrysanthe- 
murs effects Japanese color mixtures usually contain significant perc entages of 
charcoal, and in some cases they stil] employ chlorate/sulfur combinations. ‘There 
is also a Japanese pine root pitch which reportedly” gives higher buming rates 
than most of the resinous fuels available in the West. Even with these reactive 
materials, the stars tend to be smaller than one might expect. A five-inch shell 
typically has outer petal stars about half an inch in diameter, while even in a 
twelve-inch peony, they may not execed ene inch, This design serves two purpos- 
es. "The Japanese decm it important, in many shells, thar the aur symmetry of the 
“flower” be preserved until extinguished, rather than allowed te droop. To fulfill 
this condition, the buroing Gime of a shell of normal size cannot be much over 
two seconds." Another teason for using smal! stars ie that it improves the fullness 
of the burst pattems, Watimono shells produce “flowers” approximately a hun~ 
dred feet in diameter for each inch of shell diameter. In most cases it looks better 
if the shell break is dense and moderately large, rather than being extra-large but 
sparse ot inegolar, An exception to this is the dahlia shell, in which the bight- 
hess of the stars is important and visually compensates for their sparsity. Compo- 
sitiens are adjusted so thar the stars can be made commercially in a practical 
matiner; however, begmness and occasional makers have a tendency to roll the 
stars too large. Willow shells may use slightly larger sears, but star count is ¢ 
unportant and their effect is mainly due to the use of compositions with very 
slow burning races. 


The bursting charges used im chrysanthemum-style shells encompass so many 
subtle variations that their manufacture is practically a specialty unto itself. The 
cormrnercial granulated black powder so common in other fireworks is used to 2 
very Inmited extent in Japanese practice, mainly in Hfting charges, primings on 
shells and components, and sometimes as burst in small inserts. The majority of 
bursting compositions are pot used as homogeneous granules; instead they are 
coated on various inert materials. Rice hulls, cotton. chaf¥, and cork chips of 


sometimes: 


significantly, and peonies a 
final flash or silver core ignires. 
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various sizes are the most common, the inert core size being matched to the shell 
diameter and its construction. For example, a 6” blue peony might practically be 
made using coated cork chips, while for a 6° blue peony with yellow pistil, the 
fiercer coated ce hulls may be the better choice. Also, chaff has a purpose even 
without a powder coating — to fll an inert space, as in the construction of a “Sat- 
urn Ring” or “UFO” shell. Coated rice hulls typically carry four or five times 
their weight of black powder: with the coarser materials the ratio of powder is 
not quite so high. Shimizu mentions coating burst powder on sx at the 
center of a shell (pistil stars), but apparently this technique is not widely used. 
"The use of inert cartier materials in buesting charges lessens the weight of shells, 
and probably reduces che danger if a hatte explodes in the mortar. However, its 
main Function is t0 make more efficient use of the powder. In: large. shells espe 

2t coarse enough to preckude destruction of the stars would be toe 
ats much of the 
powder woukd be wasted if it were the ordinary type. In. smaller shells, black 
powder of any type is not energetic enough to provide the hard break desired, 
while using solid grains of chlorate or perchlorate composition would probably 
be reo energetic. 

Beth commercial and “homemade” meal powders are used; with the latter, as in 
skyrocket tions s charcoal can have a substantial effect on performance. In 
an, the standard is hemp charcoal, which burns rapidly and produces high 
; economic as well as legal considerations make this material 
uncommon in western countries. Willow and vine charcoals have comparable 
reactivity, but the standard ° s : ican fireworks trade 
does 9 al pov 
ii traight black 
pode for ¢ chr yeantheratin and peony: Durats i is at its best in eight-inch and 
er shells, and single- petalled sixes, Smaller shells beneSr fom more powerful 
pow dex the goal i in each size being to maximize burst radius ¥ ae t making 


and 4” shells the shell chécee peichlorite iaatpoaticn ie serv’ . 
A common chlorate burst is referred to by Shimizu as “H-3.” Japanese compo 
sitions are traditionally based on ten parts of the oxidizer, in strearner stars, for 
example, “Chrysanthemum 8" contains more charcoal and is slower burning than 
” "Thus 4-3 indicates 3 parts of (hemp) charcoal to 16 
um chlorate, plus the requisite binder to adhere the mixture to rice hull 
stitution af other charcoals does not seem to diminish the potency of this 
composition as much as it dees in black powder, Some American hobbyists 
activated charcoal like that administered as an antidote to poisons; the inc: 
porosity of this product allows it to absorb more oxidizer while the preparation is 
w oti Bursting charges are commonly made with potsnn perchlorat: - 
Pheix burning rates vary greatly depending on the fuels and cataly: some 
are actually slower than black powder, but they compensate by producing a high 
er volume of gas. Extensive work has been dene on such perclilorate mixteres in 
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Jopanese Shell Burst Compositions” 


H3 KP 
Potassium chlorate 735 
Potassium perchlorate 
Hemp (er paulownia) charcoal 245 
Sulfur 
Scbuble glotinows rice starch 2 


optimum bursting 
ly in the more , cbaraie ‘designs. Fast, bor -burning stars may x 
significant contribution to the burst gases, requiring adjustment of the bu ting 
duction of the final wall thickness to keep all these factors in bal- 
ance, Multiple-petalled shells generally require more powerful or finer Br 
bursting powders than their single-petalled counterparts, especially if the fa 
do not ha tars. The yrain consideration here is that there is s naply te 
room fer powder in a multi-petalled shell. Ie is also common practice to have 
finer and/or faster powder ar the center of such a shell, graduating to coarser 
material in the outermost layer. For farge fancy shells, the bursting change, eg. 
black powder on cork chips, may be sieved for uniformity as stars are, The best 
narrow “cut” of particle sizes can then be chosen for each specific shell design. 
Assembly of small single-petalled shells is rather simple, although ie must he 
dene carefully te insure that the components stay in position, Usually the burst- 
ing charge is separated ftom the main st: ; 
arranged in each hemisphere and the bursting charge 5 
hand, leaving the halves Slightly overfilled. The hemispheres pped 
together, or a piece of thin cardboard or sheet metal may be pl fica, on de upper 
hemisphere and held there while it is carefully inverted to meet the lower one. 
Afterward, the barrier material is carefully withdrawn, c this step is not per 
formed correctly, or if the shell is underfilled, stars may shift inward, and such 
rregularities will be evident in the burst pattern. When a warimono ¢hell is well 
filled, there will he a clighe gap berween hemispheees at fiesr; after applying pres- 
sure and tapping with a stick, the contents will compress enough two allow the 
in the case of very large shells, the worker may actually stand on 
embly while > Lapping §t, making s several curns until the settling is complete. 
idles of size, the casing should now feel solid and the contents should not 
ratte. Rather than j joining two identical halves, shells of about eight inches and 
up are offen casier to assemble if section is cut out of the top hemisphere, that 
is, the one which does not have a fuse. Ef this is done, the burst ba; rade lame 
enough. to hold the entixe charge. After filling the lower hemisphere as usual, the 
partial upper one is ateached and the semaining stars are inserted through the 
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‘The process requires dexterity to make the stars form a single laycr against 
ell wall, bur ir makes it easier to insnre that there is no empty space af the 
“top” of the shell, After everything is carefully consolidated, the last 
handful of stars is layered on top of the burst bag and the “lid” of the 
glecd or tape in pl 

Assembly of multiple-petalled sbells can become very cor 
are essentially two methods which parallel these used in single-petalled shells, 
When assembling cach half, one may use a simple former te press a hemispheri 

cal cavity inte the bursting charge, which is ned with nothing more than thin 
pape: Ste and powsler are arranged in this space, and if necessary, the process is 
repeated with an even smaller inner petal. In other words, the shell is built as a 
set of concentric hemispheres, which are eventually assembled to form concentric 
spheres, Obviously, if the layers are not well centered and carefully mated, th 
burst pattern will have a misshapen. center which spoils the effect. The otber 
approach to building a mulfi-petalled shel! is to complete the inner petal(s) 
before assembling the main shel! casing. Shimizu’ illustrates an inner assembly 
wound with twine to compress and strengthen it. Others use ordinary cardboard 
Jued togethes, semetimes perforated with holes to facilitare even 
te ithe outermost layer of bursting charge. Such inner assernbli 
hells and could be paste-wrapped and fired from mext 
: 8 except that the fuses arc simply nubes filled with match or 
powder for we fe pose ‘The tube has to be attached to the actual time fk 
in the outer hemisphere, before the outer stars and bursting powder are added. 
Care must be taken to center the inner assembly before proceeding, ‘The si 
ratio of inner to outer perals varies, but is usually around 4:2 or 2:3. For example, 
an cight-inch double-petalled shell is fikely to have a four- or five-inch inner 
layer. The sizes of the stars in each layer are not necessarily in the same proper 
ny; inner petal stars may be almost as large as main stars, but they do not spread 
nearly as far, The relative size of the petals in the shell burst is an importam 
westhetic consideration, as are the timings of any color changes in the petals, This 
makes the design of large fancy chrysanthemum shells very complex, but when 
all the factors are properly balanced, the results can be specta On Scemingly 
erkiless variety is possible, although some combinations of color are naturally 
snore pleasing than others, and their relative brightnesses must also be taken into 
account. For example, an inner petal of resin-fueled blue stars would be overpow~ 
ered by an. outer petal of green magnesium stars. The reverse, using the brilliant 
green in the center, makes a very attractive shel! if the quality of the colors is 
good. 

After shells are assembled, they require paste-awrapping, which is dene with 
paper strips. The ideal amount varies, but in general, larger shells require thicker 
€ Often muldple-peralled shells benefit from more pastewrap than single 
petalled ones of the same size, because of the differing capacigy for bursting px 
der. Strips ave laid on in such a way as to minimize overlap, and the direction of 
the paper grain is changed each time a new layer is begun. Various patteres can 
be used depending on the worker's preference and on whether the grain runs the 
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short way or the long way in the strips. As a general rule, two or three complete 
ets of 30- to 40-pound paper will be required for each inch of shell diameter, 


b 
so that a tep-inch chrysanthemum is Hkely t0 have 20 or 30 layers on top of the 
original strawboard hemispheres. Fewer layers of thicker paper may be used to 


save time, sometimes with a sacrifice in the regularity of the shell walls. Excep 
tionally large exhibition shells may require over a hundred layers of pasted paper, 
a facter adding greatly to the tirne and cost of making ther. When ali but a few 
layers of paper have been added, it is usual to wind string around the base of the 
time fuse to strengthen the joint. On the other side of the shell, opposite the 
fuse, a loop of heavy twine or small rope is added. The final layers of pastewrap 
an aid to carrying 
i and 


st of stars of ovo different colors te produce a halved burst pattern; this 
anly works well if the different stars are chosen so that they give a simi 
Pproximately equal in mass.* These criteria having been me 
is open to the usual refincments, such as to have an inner petal, 
sh this tends to make the whole item appear fuss 

Another popular effect in round shells is sumply 9 ring of stars double and 
triple intersecting rings are sometimes made. These shells may be described as 
peony types in which most of the outer stars are. mi same applies to 

nore esotic pattern or character shells which can form letters, geometric Agures 
s heart or star shapes, or even animal shapes. Such designs are “drawn” in 
8 on one hemisphere of the shell. and may or may not be surrounded by 
dummy stars of non-combustible material. Ring and character shells carry a high 
propertion of “dead” weight in relation to the number of stars deployed, and they 
can be appreciated only when they burst in the proper orientation, Ef the design 
is seen on edge, it appears to be nothing more than a jagged line of stars, Exceps 
for the simple ring, most of these patterns are not very effective in shells smaller 
than five-inch, while sizes larger than cight-inch are prohibitively expensive and 
are rarely made, Av exception occurs with “Saturn” shells, which combine a full 
inner “petal” with an eneucling ting. Good Saturn shells are very attractive from 
any angle, are sometimes available in sizes up (© fen- or pwelve-inch, and may 
have multiple color changes and other refinements for customers willing to pay 
the price. Another design which minimizes the disadvantages of pattern shells is 
the hourglass with ring, which appears to be an American invention. 

Skell-of shells is the name given to a shell containing multiple smaller ones, 
which produce their miniature stacbursts after they have been dispersed by the 
initial breaking charge. The main shell’s burst may be “dark,” or other effects such 


since the heavier stars travel 
envelope appears ax “pois” 


“If net, the two halves differ by more than just the color, 
faster and further, white the color with the smalier fam: 
val than as husk colar stars. 
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as streamer stars may precede the small insert shells’ performance. Fo 
sors, a shell-of-shells needs to be relatively large; in ball shelis, the effect is 
hardly worthwhile in usually better in larger ones. Ln 

is over twelve-inch caliber, probably the suajority sold are of this type. This 
tutation s nfusion among pecple outside the fireworks feld, 


such ometimes interpret the name “shell-of-shells” as being 
som EOF promotional term, comparable to créme de Ia crtine ox 
“the war to end all wars.” In fact, it is stoply a technical description. Ir is also 


werth noting that a shell containing only small reports is net usually called a 
shell-of-shells, even though the se and appearance of the inserts may be identi- 
cal to the same maker's color inserts, When inserts are large, more than nwo or 
bwo and a half inches in diameter, they may be madc the same as if they were to 
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be fired singly from mortars, with stars on the outsides and powder in the cores. 
As an extreme example, a 36” shell may contain six. or eight-inch double 
petalled chrysanthenums. Inserts for ball shells of normal size are of simple 
avings stars mixed with the burst powder, and the standard 2" fuse for 
hey axe spheroids from one to twa inches in diameter, 
vimono style shell, insert shells may be used as though they were large 
stars, comprising the outer layer, the inner layer, or ~ in 24 shells, for example 
both. Alternatively, a fiew little shells may be buried in the burst charge. A. popu- 
lar design is Zoarm — a willow with small flowers opening in the center alter the 
willow has achieved a large break, In the latter case, they are normally timed to 
burst after the outer stars have reached their full spread and produced the usual 
z * The m contrasting color, have a 

i is sometimes described in English- 
Trvegul 


urpsise 
mall 


Report uni 
shells. Japane 
obvious vari 


{rai or Lanai) may be used in the same wavs as sinall colored 
e practice also cludes timed reports, usually in pou shells. The 
tioris are possible, but there is a set style used in daylight displays 
and for signalling, just as western pyrotechnists sometimes use a single maroon 
to begin and/or end a display. Typically, a single break of such a foka contains an 
odd number of salutes, from three to sever. The details are up to individual pref 
erence, but often the final report is larger, and timed to fire a little after the 
se ¢ that has been set up by the previ 


ious ones. 
‘arachutes are used more extensively in casterm than in western firewor 
sometimes in unusual ways, Shimizu’* describes a shell called “willow in the 
moon,” which produces a willow of smoke stars that cannet be seen until a 
delayed Hare ignites. Another effect rarely seer. in the United States is zante or 
“remaining light,” which requixes the delicate packing of one or more parachute 
fares in such 3 marner that they can survive the burst of a warimono shell. After 
the shel?’s pattern has developed, the paper wrappings must unravel so that the 
parachutes can unrofl, This can effectively be done for shells of 6” and up, 
although a skilled maker can achieve it in a 5” shell. ‘Phe author has seen a 24. 
ich shell-of-shells in which each of the pode-style inserts, perhaps 4-inch in 
, contained its own parachute flare in addition to other stars. 

Various devices (Ayokudc) can be attached to the outside of a shell for prelimi 
nary effects. The most common are rising tails, essentially pumped come’ 
are paste-wrapped Tike crossertes or transformation. comets, hut instead of being 
folded over the ends, the everbanging paper is cut or torn into strips which facili- 
tates firm attachment to the shell casings. The outside ends of such comets tay 
be fired with dangling pieces of bare match, but they usually ignite well if simply 
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primed. The comets attached t shells in this manner are usually pumped, this 
being the only frequent Japanese use of such stars. Rising whistles and strobe 
devices are also in use. A large shell may carry several smaller one 
attached to ite hanging loop, and timed to perform at brief interval 
main burst. An uncommon variation is the use of timed flash 
a kind of long pie ail that trails behind the rising shell. Th 
make and must be loaded and fieed with great care. if the debe oct comes fan~ 
gled, one of the flash bombs may fize in proximity to the shell casing, destroying 
the whole assembly, 

The Japamese often fire two shells, generally a matched paix, from the same 
mortar at the same time. They may burst simultancously but more commonly ave 
timed about two seconds apart. Such pairs, joined by paper wrapping, are occa: 
sionally found in the United States, where their appearance has given thera the 
nickname “peanut shells.” These are not quite analogous to nmltbreak cylinder 

: fis separate as they leave the mortars, and each ball 
ime fuse which takes fire from the fing powder. 
wadition includes a whole gente of daylight fr 


pos Ww sa is 


Is, but. are executed in oak rather than colored rh Ther ere are seat 
moke chrysanthemums and other effects in a variety of color 
ble in daylight, especially with their own sracke hackg 
reports and other noisemakers are effective at any time. 

japan, 12° shells have heen very highly developed and are de rigueur in many 
firework competitions. Six- and eight-inch warimono designs rival the nwelves in 
ity, but relatively few shells ever 12” are made. When thes the Jepan- 
appear to have little interest in the 16” size and tend to go ull the way to 24", 
a proj which nomnally weighs over a hundred pounds. For cert 
36" and even larger shells are made, but they are Seema time 
proportion to the effects pavduced. A few American hobbyists 
gigantic ball shells, az ad. ae shells are Paaees into bigs United a 
ation with thes 
fon than accurate 
play insurance policies require adherence to separation distances esi 
NEPA. Standard 1123, which effectively rule out the use of shelis larg 
12” at most urban display sites. It is not too difficels to find imported 16” ball 
shells, but many of them are of poor quality and are not as impressive as good 
12” shells of domestic manufactore. 

Tnereasing manufacture of ball shells in other cow: 5 
modifications of the Japanese techniques. The quality of Chin 
extremely variable. Those from Taiwan are usually good and the designs conform 
mare closely to those of the Japanese product; one of the best known Japanese 
makers, Mantsuna, now makes those of its shells which are to sorted to the 
Wes aa factory in Taiwan. Experimenters in other countries have developed 
mary hybrids of western and Japanese techniques. Cut stars work well in shells 
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of the chrysanthemum and peony type where a color 
some mixtures, such as the old zinc streamers, they are casier to make and ignite 
better than the traditional rolled stars. The use of flash powders in star shell 
bursting charges has become common, not only among hobbyists bur among 
Chinese, American, and Spanish manufacturers. Both perchlorate and nitrate 
mixtures are popular, and one succeseful maker uses a wixture of black copper 

ide and atomized akmminum, which is proctically a fast-berning thermite. As a 
rule, the flash mixture is added in email percentages to a black powder bursting 
charge to boost the power output. In large multiple~petalled shells, it is used in 
the central burst bag only. There is some argument over the safety of this tech- 
nique, and the bright flash is a disadvantage, but it is inexpensive and convenient. 
Flash burst has become practically universal in Chinese Class © shells where 
chlorate mixtures cannot be used. Whistle composition is used in a sirnilar way 
by many American hobbyists, Plastic ball casings are commen and a few manu- 
facturers produce high-quality shells from them, including the hourglass with 
ing and pattern effects. Gummed paper tape is sometimes used to finish 
sings, but the resultant layers are not as strong as pasted paper, and 
ments must be made accordingly 

OGylinder shells are rarely made in Asian countries, but for a tong time they were 
the most common variety in the United States, and are still che mule in parts of 
Eutope. They are sometimes called “canister” or “can” shells, which cl 
pes them from ball shells, but is only strictly accurate for certs 
Cylindrical casings cannot be expected te produce globular bursts, but good sym= 
metry is possible with skillful assembly: A cylinder obviously holds mote material 
than a sphere of the same diameter; this can be considered a disadvantage only in 
a few instances, as when display operators wish to maximize shell count for com: 
ial reasons. Cylindrical inserts such es comets, whistles, serpents and tour 
billions { much more neatly into cylindrical shell casings than, into spherical 
Also, cylinders may he joined end-to-end to make shells which display 
nmultip! ts from a single mortar shot. 

Plastic canisters have been highly developed in Europe but are not very com- 
mon in the United States. In the past, stout cardhoard tubes with wooden end 
plugs were common, and even “tn” cans were sometimes used. Today, mar 
commercial marufacturers make star shells in spiral-wound casings with wall 
thickn af one-cighth inch or less, ‘The ends may be closed with chipboard 
dises alone, or with the addition o€ paper end caps. In the latter case, the filled 
shells resemble the paper cans in which such houschold goods as cornmeal ate 
sold. At chis point, it is usual to reinforce the assemblies by wrapping with twine, 
in a manner to be described later. In shells of moderate size, it is possible to omit 
this step; one very famous Italo-American manufacturer long emphasized his 
stringless shells with claims that they produced less burning fallout. Other expe 
fienced makers disagree, or at least believe that any such concerns are overbal- 
anced by the advantages of strung shells. With or without string, cylinder shells 
are Finished by wsapping in sheets of pasted paper. Enough is allowed so that it 
overhangs each end of the casing about one half to one shell diameter; the excess 
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is torn into strips and smoothed down on the ends of the shell. 
taken around the base of the time fuse to provide a good seal. Given shells of 
comparable size, stringless ones require more pastewrap than do the strung vari 
ety fo produce casings of adequate strength, and consequently sequire more dry- 
ing time. 

A more refined style of cylinder shell building, perfected by Ita 
nists in the nineteenth century, uses dry-rolled paper casings whic S 
reinfoxced with twine. Much of what will be said about these shells applies to the 

deen spiral can desig: well, but the traditional method is much mos t 
tile and is particularly adapted to multiple breaks. A lavge proportion of the 
work manufacturing companies in the United States weze founded by Italian 
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and there have been dezens of others over the years. For most of the twentieth 
century, a high percentage of cylinder shells was the norm in American displays. 
d regulatory burdens and labor costs, combined with the resultant deluge 
pa hee made Pree es shells less common today. However, 

there 


were en ribed He a Maio mn teen md Domenie ‘Auton in 1893, but few 


eit ans sete ever seen these references. Commercial rnakers clearly have no 
‘ when 
Siler methods; the potentially eas rous oature of 
reason manufacturers have historically been reluctant te 
A two-part article by Fulcanelli, published in 1984 and 
1987, provides detailed how-to information for these who wish to make wade 
tonal cvlinder shells. Other pieces in fireworks publications, while less comp 
hensive, also contain usefil advice. Whether by design or through ignorance, 
most modern material on fireworks published in general-interest_ magazines 
either contains significant errors or is simply too vague to be of much practical 


the pee as a0: 
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In Italian-style shells, the casings are initially quite thin; a general guideline is 
to use one turn of heavy kraft paper for each nominal inch of shell diameter. 
Case formers, usually made of wood or plastic, are sized te permit the finished 
shells to slide casily into the sortars. For example, a four-inch case can he made 
by rolling four turns of 70-pound keait on a 314” to 34" former. Eight-inch 
shells are usually made on 7s" formers, and ten-inch shells on 9” formers, to 
allow for the greater thicknesses of casing and pastewrap which, become neces 

saty with large shells, The casing cequires no paste or glue, except on the edge of 
the last turn to keep it from unrolling. A keaft or chipboard disc is placed on the 

endl of the former and the paper is folkled down on it. A mallet or the end of a 
smaller former is used to set the folds; glue may be used to fix the casing to the 
dise, but many makers do not use it. The time fuse may be installed in the center 
of the disc, in which cage the shell will be filled from the bottom. ‘This methed is 
necessary when the fuse has a flashbag attached, and may be convenient in some 
other instances as well. More commoniy, a solid disc is used to close the bottom, 
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finger. Tros cally the casing is less important to the s f 
the finished shell than many other components. One or more turns of thin chip- 
board x be used to Tine the case, either by rolling on the former Hirst, or by 
adding it after the case is removed from the former. ‘The chipboard adds very Be- 
de strength; it is not even customary te adjust the bunsting 2 narge wher using it, 
Tk assists in filling shells to an even depth, and is also used to adjust the inside 
diameter for a more precise fit of shell components. 


Shell contents are usually filled around a candle, a tube of thin metal which is 
centered on the inside end disc. Canulles range from less than one inch in diam 
etee for small shells up to thrce or four inches for nvelve-inch shells. ‘Taditional: 
ly, cut stars are the most common garnituses in Italian-style shells. If the stars are 
not too large in relation to the casings, they pack well and are not as inclined to 
shift or “flow” as round stars would be. Regardless of the other components used, 
the handmade coarse black powder called pofverone is a staple in cylinder shell 
manufacture. While it certainly contributes to the burst gases, its primary func 
Gon is to fill the interstices berween and other comp sone nts, making the 
shells very strong and colid when. properly pecked. To a , hand- 
fuls of stars and polvcrone are added alternately and the mixture is periodically 
olidated wich, a simple tool such as a piece of wooden dowel. When the 
ed fl level is reached, the contents are leveled, adding more polverone if 
: ideally, siogle-break star shells ate approximately “equare:” a five-inch 
easing, which has an inside diameter of 41% inches, should be f iHed about 4 
inches deep. Not surprisingly, commercial makers tend to underfill rather than 
overiil be of them have ed out five- and six-inch shells that resemble 

xi hockey pucks. The canulle is charged with owes usually commercial 
- then. erefally withdrawn to leave a central powder core in the shell. 
Imes ADEE powder such as PEFFA is used in small shells, Chlorate bu 
ing charges, granulated like polveronc, have heen around for a long time but are 
not widely a in the United States today. Flashbags are a tradition in pid 


gue or a muxture of with conmercial black ‘poeder 
Ae ments must be made for each shell size and nype; it is easy to use. too 
much flash pow resulting in an “overburst” shell, with many stars cither not 
igniting or being completely destroyed. As an example, a four-inch spider needs 
about a qua z perchlorate fash powder; if nt rate flash 
pousier is chosen, more will be required. When filling ashbag shells, no canuile 
is used, polverone or a similar filler is still required between the stars. At the 
other aueie, a softer than usual burst can be obtained by omitting the com- 
mercial powder to the camulic and using straight polverone; this is suitable for 
willow breaks and for delicate inserts such as parachute flar 
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Once a been filled, an end disc (normally the fused 


® is seated 


firmly on the contents and the protruding paper i folded down: s a 
the other With outside discs also in place, the shell is te “spiked,” 
or wound with twine (Photo 15-32).’This important step is res; sonsible for ruch 
of the shell’s stz h, as well as unproving the symmetry of its £ properly 
done. Almost any twine would offer some benefir, but experience favors certain 
types that are relatively thin for their strength and whieh absod: paste well. Mest 
eight- io cwelve-ply unbraided cotton twines, the much 
e-ply Jinen (flax) is popwar among purists who are willing to pay 


igher price. Both kinds are traditionally used doubled, with two strands 
running side by side and taken from reo sols. The reason for doing this Gnstea 
of simply using a single strand of larger twine} is that it doubles the strength 
while keeping the increase in shel! diarneter to a minimaurn. These considerations 
are especially important in large, elaborate ranltibreak shells, which may 
intermediate pastewrappings as well as multiple spiking jobs. Not 2 
pyrotechnists have invested dezens of hours of work in a pitce de résistance only to 
find that the finished product will not fit in a standard-sized mortac Some 
accomplished builders of large shells prefer to use ériplad strands of ewo-ply Me 
which is very thin and still stronger than most types of cotton twin s 
producing minimal size increase, this technique spreads the rcinforcement mote 
evenly over the shel] walls. Some makers prefer to work with dry string, but it is 
better to paste it £ pand then to con 
tract as it dries, as well as causing it te stick to the shell body sather than sfip- 
i also occasionally used. A convenient way to handle twine is 
to wind it on a ‘spiking horse” which has two upright arms, typically set two or 
three fect apart. The horse also serves as a convenient measuring device, and an. 
fenced worker ity calculate the amount of string for each. shell so 
there is little waste. When enough i is loaded onto the horse, it is painted or 
rubbed with paste until well saturated. ‘The twine is tied to the base of the time 
Fiasd afl the vertical spikings arc applied first. When using multiple strands it is 
important to keep diem pandiel on the sides of the shell; any og of the 
string should be confined te the top oc bottom where it will be ins a 
otherwise rebable authority has stated that the string is advanced about ten 
degrees with each winding, but this method would be very awkward and would 
require end discs with markings to indicate the string positions. Normally, the 
iis fret divided into quarters with the string, which is much easier to judge 
ing, and also compresses the shell contents more evenly. Sets of 
to, three, or four passes, depending on the size of the shell, are applied at ninety 
ses from cach other. If the total number of vertical strings is a ruultiple of 
ty to allow for this at some point; otherwise the whole 
can be accomplished hy repeatedly halving the uncovered portions of the 
shell. The use of two or four passes each time this is done, so that strings do not 
<4 exactly at the center, prevents excessive butid-up on the top and bottom of 
hell. The total amount used depends on the type of twine, the type of breal 
desired, and the maker's priorities. Traditional guidelines call for sixteen vertical 
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passes on a four-inch shell, pvo dozen on a five-inch, thirty-owe on a inch, 
arid so on, leaving the strings, or rather pairs of strings, about half an inch apart 
on alf sizes, Circumferential or horizontal spiking is usually applied with similar 
spacing, so as to form little squases on the shell casing as though it were inside a 
ight-fitting net. Commercial makers may put as few as eight or ovelve single 
ands of cotton twine on a five-inch “traditional” shell, especially if it contains a 
flashbag, At the other extreme, master pyrotechnists in Malta often completely 
cover shel] casings with string, partly te compensate for the slower burning rates 
of their ts nade black powder bursting hangs Even when using the best 

7 or 
ars dicks clocely than usual to produce an expe ally cacdeven bare. foe 
use 48 vertical strings on a sbcinch shell rather than the 
cotblished 32" Circumferential spiking may be varied at different points over a 
Jong shell, to allow for different components within, 

Paste-wrapping follows the same rule of thumb as case rolling, wiz., one turn of 
heavy keaft is about right for cach nominal inch of shell diameter. Long heavy 
muittibreaks often need morc, while single-break shells up to four- or five-inch 
caliber can be adequately pasted in with medium-weight papes, such as 40- or 
50-pound, to expedite drying. Instead of being folded like the dry casing paper, 
the pasted paper overhanging the walls of the shell is torn into strips, which are 
then. smocthed down carefully on the ends of the shell. Almost a full diameter of 
lap should be allowed, at least on the final pasting. When more than four 
turns of paper are required, it is best to apply thew 3 in moge than one installment, 
with time allowed for drying between pastewrappings, to keep the shell from 
remaining soggy for a long time. In such cases, the earlier pastewrap is often 
made te fold only partway across the ends, particularly on the top where 
sive build-up around the time fuse can cause problems. In small shells and many 
types of report units, the paper may be smoothed and twisted around the fuses 
without tearing; this saves time with the thin paper used on such items, and 
forms good “crowns” around the fuses. If the paper is properly pasted and is 
rolled on reasonably snugly, the sides of cylinder shells tend to take care of them- 
selves. Long shells which are lumpy or slightly crooked may appear hopelessly 
sloppy when the pastewrap is first applied, but will usually be hard and smooth 
after it dries. "The grain of the paper should run the length of the shells, and of 

course, adequate drying time must be allowed. There is an alternative technique 
called rinfasctatere (ve-wrapping} which employs dry papex, with only the twine 
and sometimes a few final turns of thin paper being pasted. For details on this 
method, the reader is refereed to Puleanelli* 

One of the virtues of evlinder shells is thet ovlindrical garnitures of the appre- 
priate sizes fit neatly into therm. Sometimes, as in a sinall shell with whistles or 
serpents, the bottom of a long case may be completely packed with inserts, and a 
bursting charge and stars added on top. More commonly, garnitures arc arranged 
around the periphery of a casing, leaving varying amounts of room for bursting, 
powder in the center. Tousbillions, ssnall color shells, and many types of veport 
units produce their best effects when deployed in symmetrical rings. Tdeally, 
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Figure 15-17. Comet shell (after Pudcanell 


ey mponents should fit snugly enough that they do net fall out when 
the shell casing is inverted, even before other materials arc added. In practice, it 
is not economical to have a multicode of slighty differing comet pumps and f 
mers #0 give a perfect fie with each individual shell design. This is what s 
chipboard liners especially valuable. Once a layer of components is in place, the 
spaces between the garnitures and the shell wall need to be filled, to eliminate air 
pockets and to strengthen the assembly. Polverone is offen used for this purpose, 
especially with small cube terns where it flows and packs well in the narrow 
interstices, Hardwood sawdust is more economical, especially with larger inserts, 
andl wads of paper can also be used. Oxdinary sawdust from pine or fir is spongy 
andi troublesome to work with, while bran is aveided in must instances be it 
imey encourage insects or mice to eat through the shell walls during protracted 
periods of storage. Depending on the size and type of shell, ordinary stars may be 
loaded inside the ring(s} of cylindrical devices, or the latter may occupy only part 
of the length of the shell and its other end may be filled completely to the walls 
with stars, In either case, the stars arc interspersed with polverone k 


and 4 canulle 
is used to introduce a black powder core, just as in a plain color shell. Inserts 
placed near the top (fuse) end of a cylinder shell tend to be thrown farther from 
the center of the break. Apparently the top part of the casing has already begun 
to vupture before the burst powder at the bottom has completely combusted. 
‘This phenomenon is more pronounced in long shells and in those with bottom 
shots, and should be kept in mind when using different types and/or timings of 
inserts in the same casing. Such shells vary considerably in length and weight, 
but for obvious seasons, they are usually lagor than plain star shells of the 
same caliber. On the other hand, a five- or stcinch shell containing a ting of 
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por a case of deliber- 


tourbillions may le 
ate skimpin, 
Comets of alt types are well suited to cylinder shells (Fig. 15-17), especially as 
become larger. Unless a shell is designed to pes a divi 


imately be only 342 inches tall anc 


2, the result suggests a ciraular brick wall. Th : 
comets which are papered over one end, because it makes the layers fit together 
‘The sizes chosen for a given effect depend on several paran eter 
2 scribed for chrysanthemum be shells. Come 
enough to maximize a shelf’s burst spread, we few chat the 
break appears sparse. As an cxample, six-inch crossette shells andy be sade with 
iYeinch cherooal crossettes, four layers of ten. The same composition is used for 
LWe-inch ¢ pecs to fit twelve per layer in eight-inch shells, and Wa-inch ctos 
es to fit twelve per layer in ten-inch shells. Since tremalon (glirter} composi 
ly than charcoal streamers, it is advisable to reduce 

@ tremalon crossette shells (Photo 15-33}. Geod 
ormnance is seen with Tyesineh crossettes in eight-inch shells, and 1¥2-inch 
in ten-inch, requiring five rings of fifteen in cach case. Thus a seemingly 
decrease: in size increases the comet count more than $096, from 48 t 
with plain star shells, comet beeaks are best when the heigh 
approxit equal. Hard breaks are desirable in most 
medium-sized comet shells often have their centers completed 
mercial grain powder. Shells of six-inch and larger ¢ 
a canulle filled with FEA, cither surrounded by straig 
colored s 


and small- to 
Blled with com- 
sexs ave. often. made using 
polverone, or by sv 
. Cylindrical cas 
ings are bow: Aust patterns inst 
of the perfect globes exhibited by Jepanesc shells, but the bursts of ey ma ade 
comet shells i “particular are very ‘symmettical. Indeed, f: 
plain streamer comets are traditionally known as sfera (sphe: 
tion of this word outside Ttaly is perhaps the orig of the term “spider,” although 
_ i s af charcoal cut stars with their delicate and somewhat irregular trails cer 
by rong resemblance to spiderwebs. Good mart a comet shells with 
Santer enters can casily be roistaken for double-pe chrysanthermur 
they lack the surprise color changes possible in the Ngee style, but have 
longer durations and may contain a greater vatiety of additional ¢ 
feasible in ball shells. With a suitable number of coms is per rig 
make halved or quartered burs 
the inner layer of colored sta ry be sectioned as well. 

Most of the foregoing remarks on comets also apply to pillbox stars, and to 
plain pumped stars of color compositions. The fatter can be troublesome due to 
ns; priming each star on its ends only is extremely time-c 
in prime tends to make them irregular in Shap 
ght ever: be dangero' s because of chinrate/sulfur friction when the finished 
$ are crammed into tight rings. Sometimes a shell casing is filled with layer 
pumped stars (including sawdust or polverone - Photo 15-34), afte 


ing, while rolling rhe sv 
mig 
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2F Powder 


Bottom Shot 
Spolette 


Leys 
Rough 
Powder. 


‘Top view e Spiking Pattern 
Figure 15-18. Shell-of-shells with beawy report (after Putcanelli) * 
which the inside of the resuldng “wall” is painted with slurry prime, dusted with 
meal powder, and allowed to dry. Even when a single-color break is made, cylin 
ells over six-inch caliber rarcly have cut or rolled stars as theie only garni 
. "Tidy rows of cylindrical stars not only produce better effects, but add con- 
siderable strength to the finished she! 

In large cylinder shells, multiple concentric layers of come’ some 
used. Untike the cornparable arrangement in ball shelis, there is rarely a layer of 
burst powder between the two sizes of stars, although a small amount of 
Is the interstices. Colored pumped stars, or occasionally large cut 
1. stacked inside a wall of streamer comets and primed 
bed above. In Multa and Italy, even explosive devices (seoppietti ar bom 
are commonly loaded this way; an eight-inch shell may contain three cor 
stacks of repor erent sizes and timings. 

“tl s (Fig. 15-18) is a classic in the Italian tradition, and is one 
fo more refinement in cylinder shells than in spherical 
ature color shells employed are called pupadélles, which literally 
« “Hitde dolls.” The term strikes many people as humorous, bur if these 
sare hung up by their excess string to dry after being spiked, the reser 
blance to puppets es clear enough. They are rade much like full-sized shells, 
although certain changes become necessary. Instead of being “square, 
are commonly about 2Vz inches long regardless of diameter. It is not feasible to 
core the burst powder in. shells much under nwo inches in diameter; the usual 
procedure is to mix fine commercial grain powder with Yeinch or snaller stars, 
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t breaks are not necessarily expected fram pupadelles, prefer 
given to dense “splashes” of strong color. Where hard bre 
h powder or other cneretic mixtures are sometimes add 


f 
consistent height. As a rule, timing is provided by Ye-inch cord 
n may cither be cross-matched or simply primed on the ends. Spolettes 
ionally used for maximum precision in fancy shell designs. In very 
‘ the “pupadelles” may be full-sized theee-inch shells, 
inch, and may themselves contain cylindrical inserts such as tourbillions. 

Onc or more symmetrical rings of small color shells, often followed by a heavy 
report or a spider comet break, can be among the most impressive firework, 
cflects. Tt is especially important that the pupadelles fit corretly in the main shell 
casing, and that the various components are properly timed. Tt would be natural 
to assurne that multiple concentric sings of small bursts 2 ed by placing 
the pupadelles concentrically in a shell, but in practice thi done. Such a 
design would not leave enough room for bursting powder, and would require 
ini ells mall as to be imeflective. Instead, successive timings of pupadelles 

acked much Eke comets, placing those with the longest timings at the top 
casing a5 described carlier. The bottom ring is placed in the casing with 
up. a thick layer of polverone is poured on top, and the next lx 
pressed down into the polverone with the fuses between tho 
his technique is useful for all inserts thar are end-fused, but solid 


the first laye: 


Chipboard : —_ 

or folded 

newsprint wall : 
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Outer case of 
708 kraft 


Bran or 
sawdust 


powder 
Figure 15-19. Hand-mude report (after Pulcanelfi 
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and even layers are particularly important in a shell-of-shells. Four or more rings 
of papadelles may he used in large exhibition shells, which are made to order for 
special occasions (Photo 15-35). In commercial channels it is rare to sec a shell- 


me as for star 
ement to pro- 
painly as a safe 
ty measure, 

When making a shell with a full 


ized report, it is usual te roll the break casing 
directly on the report instead of using a separate former. The report must be 
completely finished and dried before beginning this step; if made with a spolette 
fuse the latter should be scraped clean and prepared by tying hare match over the 
exposed powder core (as seen on the report’s spolette in Photo 15-34). If che 
report hax a cord fuse it should of course be cross-matched. After a casing has 
becn rolled on the report, it is often necessary to level the bottom of the report 
with a bit of sawdust and a disc, before folding or pleating the overhanging 
paper A canulle can then be placed over the prepared fuse of the report (with 
care to avoid damaging the match) and the casing can be filled and closed like 
any other. Because of its position in the shell, a heavy report of this type is 
Initial 
spolette 


Stars and 
powder core 


™. String 


laid close 


fon 


ection 


Spiking pattern 
Figure 15-20. Three-break color shell (ofier Pubcanelli)™ 
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15-24. Peo breaks of color and repart (after Fulcanelli). 


commonly calied a hotter: shot; this term sometimes confuses people who have 
only casual contact with display fireworks, because they may assume it means the 
lifting charge. As shells become larger and casings thicker, allowance has to be 
mate for paper buildup as mentioned earlier, For most p 
tors shots can be built on 242” diameter cores; the smal} inc: 
when pastewrapping the reports will nor be enough to cause trouble with the 
finished shells. "The same cannot be said of six-inch bottom shots, which are best 
made fre ather than 5/2”, After complete spi 
neasure about 57/2” outside diane aking them ideal 
x-inch star or comet breaks. Commercial necess 


A smaller report is placed in the bortom of each casing and surrounded 
iy rammed sawdust, afier which stars and ether components are loaded in 
ai mannee This cost-cutting measure suffices for most effects. Long, 
y, elaborate shells should be made with full-sized bottom shots, however. 
ny do they make louder reports, but they are actually safer because they 
contribute great strength to the shells. 


It is possi 


fe to make shells which produce sequential color breaks by a tech 
nique analogous to that just described. That is, the last break in the series can be 
made slightly undersized Gntentionally), and the preceding break’s casing then 
rolled directly ente it, and se on. This method has heen widely used in parts of 
Enrope, but requi res of end discs and other components, and 
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1" powder 


Spiking pattern 
Figure 15-22. Tio breaks of color and saettines with heauy rsport 


(after Fudcanelli)* 


it is difficult to control the amount of paper which may remain on the shell at the 
end of the sequence. This can affect its burst adversely. 

, multi-break shells arc made by joining a number of shorter 
the same, or nearly the same diameter (Fig, 15-20). The final break for 
report, Fig. 15-21 and Fig. 15-22) is assembled and closed just as it would 
were to becon ingle-break shell, bet using a shorter timing in its spolette 
appropriate. All the other breaks are made with bottom discs which have 
because the time fuse of each break is ignited by the bursting charge of the previ 
ous one, There are many slight variations in technique, depending on the sive 
and type of shell being made and the maker's personal preference. Ail the breaks 
may bs filled individually, using plugs or paper “dramheads" to close the hole 
the bottom discs und! the breaks are jomed. Alrernatively, an empry casing, oF 
one containing only rings of components around its periphery, can he ser in place 
over the time fuse of the next break. Only then is the topmost break fill 
bur: 
ceeding breaks are joined with vertical spiking only, and horizont: 
added until afl the breaks have been assembled. When full spi 
intermediate s, extra care must be taken to see that the shel 
remains as v s possible and that it dees net become too lar 
inch shells of as many as five breaks can be made without using any pa 
until after all five breaks are assembled. The strength of the contents, togethe 
with the pasted twine around cach time fuse, are sufficient to protect each break 
from premature ignition. Such shells, however, arc typically made with comets 


form 
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Cross section staggered position of inserts 


Figure 15-23. Hammer shell (after Fudcanelli}. 


and need to be very carefully assembled; most others appreaching the same size 
will benefit from two or three turns of thin pasted paper after the addition of 
each break. All the strength considerations mentioned in connection with single 
break shells, sach as choice of components, consolidation, and spiking, become 
much more important in multi-break designs (Photos 15-37 and 15-38). The 
number of possihle variations is almost infinite, aad detailed advice on their con 
ction is beyond the scope of this book. 
As a rule it is desirable fur stars and comets te reach their full spread, and for 
other garnitures to finish their performances, before che nest break of a shell 
nd particdarly before a bortom shot explode iderably more delay 
ved on the bottom: shot of 2 shell contai er tourbilons than 
in color and report shell. Laxger shells have the advantage of longer 
s, and im shells with very long timing sequences it is often feasible to 
shorten the main time fise se that the device begins its perfor son the way 
up. In many cases compromises have to be made. With plain star breaks an ideal 
interval between bursts is about two seconds, but in long, small-caliber shells, 
experienced pyrotechnists may use spolettes with intervals of less than one sec 
ond. The resultant breaks are invariably somewhat jumbled together, but this is 
better legally and wsthetically than having a shell hit the ground. Even amon 
enthusiasts, shells having mere than five or six breaks are rarc, and tend to be 
re gard A is, From an artistic point ag 6 they usually de Rot repay the 


a ne nie i Was Fa aicquimube for Halos Ato icant vine ta arebade bropies- 
s of multi-breaks in their displays. Such a sequence might begin with a 
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Figure 15-24, Draws-cud shell (after Pulcanelli) 


four-inch color and report shell, then a pwo-break and report, and so on up to ten 
or more breaks. Another attractive effect is the “rainbow” shell, having seven or 
eight color breaks in the order of the visible spectrum, from red through blue or 
vielet. In this case the arching trajectory and the running together of the colors 
do not detract from the effect. All such shells require extra-long mortars, are sub 
cd to a great deal of stress on firing, and are never quite so ecliable as shells of 
balanced dimensions. Gne sometimes hears that it was electrical firing that 
killed off the multi-break shell, but history does not really support this view. 
Ignition from a battery or a magneto has been a practical option for more than a 
century, Furthermore, there are other ways to achieve precise timings or to put a 
lot of material in the sir at once. Even the most traditional pyrotechnist rarely 
has teason to make — for example ~ a three-inch ten-break shell, Instead, he 
might more usually place ten three-inch inserts, with suitable timings, inside an 
eight-inch casing, Such a shell is more trustworthy and goes higher than a three 
inch “salami,” and the design permits more options, such as an additional eighe 
inch comet breals. 

Timed shell inserts typically have their fuses graduated in quarter-inch steps, 
with a slightly longer interval before the final break or report. This construction 
permits certain effects that would not be feasible with sequential ignition of each 
break, For example, spiderweb shells, especially small ones, are commonly mat 


mor 


with Bash hags, the explosions of which would probably damage or fail t ignite 
¥ time fuses exposed to them, By having many fuscs ignite for the 


sate primary shell burst, there may be a series of timed spiders, often with the 
last one substantially larger than the others. The technique is more commonly 
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applied to reports, and there are 


variations on the theme. The construction 
sermbles that of the shell-of-shel ept that report units are usually larger 
and fewer in number in a given size shell. Timed shows are sometimes callod rzm 
delies, which implies that they explode in a ceeular pattern (Photo 15-39} in 
practice, makers de ner worry as much about this refinement with noise unity as 
they do with other types of inserts. Often there are only four shots in a 


S upon opening, It is convenient to make such shells w 
ted firmly atop the botiem shot, with any celore 
placed on top of the reports. Shells containl 
> quite popula and often contain two layers of smalle 
analogous in construction, is a weulitional favorite (Fig 
seen today usually feature stall color alter: 
al effect bemg a heavy report. Another " 
rand dack Yn either case, the two types of inserts make differ~ 
ses when they explode, sounding something like an echo. Specifically, they 
mimic the sound made by a blacksmith’s hanuner when he bounces it on the 
anvil in alienation with blows delivered to his work-piece. 


Atelated Mlect is the draw-out shell (Fig. 15-24), a rerm which is some 
times applied in: a haphazard way to almost any shell containing both color and 
timed shots. One defunct maker's price list shows a “hammer draw out,” and it is 

ain whether this meant a choice between the feo, or a hybrid device, or 
whether the makers were not even certain what it was and were trying to cover 
fl possibifities. While it is difficult to buy a tue drnw-out shell in the t Inited 
term does have an established meaning. The first br 
ed reports {optionally accompanied by stars}, and is followed by 
a shell break, then by a bottom shot. "The second break is normally on 
plain colored stars but it may contain almost anything, from fancy come 
pupadelies, or ever: a harrage of smaller acl The origi 
nator of this design remains obscure, but with the benefit of hindsight, the curi 
he shell muy be viewed as one of the most popular traditional 
shells, color and five timed reports, which has been extended or “drawn out” by 
the addition of a surprise effect. 


impressive cite 
smalice reports 
additional ef 


The 


ones. 


States today, the 
ferar tir: 


Suan and planets is another classical teem that may mean different things to difl 
erent people. Simply placing good streamer or tremalon stars in the cenrer of a 
shell-of-shells can produce an attractive effect. However, a more refined On 
vnly pupadelles and burst powder in the frst break, followed by a full-sized 
stat or comet break and often a bottom shot This is a peculiar multibreak, in that 
the second break opens before the components frorn the frst break have become 

~The pupadelles have time to achieve a large and symmetrical spread, after 
the “sun” makes its appearance and the pupadelles burs 


all the pyrotechnic effects discussed in this chapter, and a few others 
a6 well, may be included in a properly made cylinder shell. It would be wrong fo 
downplay the ingenuity involved in making a good multi~petalled euerimons, but 
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some feel that there are few firework questions that cannot be answered by skill 
ful application of the former. Indeed, multiple fancy ball shells may be used 
Je a cylinder, if the lntier be large enough, Ic is not only because of economic 
chan, mes me thit slabenate cylinder shelis have eat less cor omnia seme other 
. Howe 
8 smaller count. 
ae “hey requi minor details 
ome mere troublesome; plating the p paper d yeaa a dl dise 
ewelve-inch shell takes the better part of half an hour, wher Hi 
8 nis the work of a few seconds. Crossertes and other spe 
may need additional pastewrap to withstand a hard break in a ten- or twely 
inch shell. Other changes are not as subtle: handling a forty-pound shell for an 
hour or so while spiking it is enough to tax the endurance of mest workers. By 
is only better when the quality is kept up to par and the design is intelligen 


ee 


cho: 


wen in Italy one cannot assume that every fireworks display 
multi-breaks, although they are still common in the 


1 feature large 
pathern part of that 


country, and especially so on the nearby island nation of Malta. The latter is 
almost entirely Roman Catholic; many of the people speak Italian in addition ro 


their own unique language, Mali. Many of the cultural traditions are the same as 
southern Lealy, particularly the association of fireworks with religious chser 
varices. In this relatively isolated circumstance, there has been litde incentive to 
range old and proven techniques, except to maximize the performance with 
whatever materials are at hand. Many European cities and villages hold 7 
main anneal display on the feast day of the town’s patron saint. In Malta e 
cially, many of the pyrotechnists work at other jobs for Gnancial gain and 1 
the fireworks in their spare time. The displays are seen as a mixture of religion: 
J civic pride, with each village vying to pet on a better show than it 
neighbor. Lt is net uncommon to sec dozens of six- and eight-inch multibreaks 
stacked up Hike cnrdweod (Photo 15-40}. 


In the United States, the situation is quite different. Except for the ubiquitous 
three-inch salute, perhaps less than five shells fired in modern displays 
ave cvlindtieal. Most of these are single-break, and a lot of them are mace with 
various hybrid techniques adopted ro save time. Round stars are now common in 
inder shells, as are tice-hull bursting powders of the type described under bal! 
shells, While these have the potential to produce some appealing effects, many 
are not particularly well made anc have done Httle to challenge ¢ endancy of 
ported ball shell. Aesthetically dubious cornbinations are common, such as 
a willow break with a heavy is a tendency to try to make complex 
a Tects i sire which too small to show thers wall One large ae 


catire ine ee effect was not bad in 2 five and s cnc shells when al fe 
ignited, but the company insisted on selling a fovr-inch shell-of-shells cont 
ing only four inserts. The result was unimpressive to say the least, and 
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the labor cost involved, the price charged could have bought ewo or three good 
€ « chrysantherums of the same caliber. Relatively lew six-inch cylinder 
shells are offered today, while commercial eights are very scarce and are not even 
Nested by most wholesalers. However, several small manufacturers, and two or 
threc large ones, keep the tradition of good cylinder shells alive. 


Lifting Charges and Leaders 


High-grade ball shells from Japan and Taiwan are sometimes offered without 
lifting charges. While this option has its advantages, it can cause a great deal of 
consternation if the shells are delivered by mistake to a fre department or com 
munity lub on the third of July! Attaching a lift charge is a rather simple 
and straightforward procedure, although it becomes more time-consuming when 
the time fuse is at the top of the shell. 

With a few exceptions, a ball shell will have its delay £ 
embedded in the lifting powder. The leader is simply a pie 
which p 


at the bottom, 
: of piped match, 
ses through the suspension loop at the top, around the shell, and to the 
time fie, where it is bared at the end and fixed in place. Various kinds of paper 
or plastic comainers can be used to hold the lifting charge; when bail shells were 
commonly made in Europe, it was usual to employ stout cardboard cones. The 
mortars used with such shells had conical cavities in theix breech plugs, the idea 
being that as successive shells were fired, the leftover cones would stack neatly 
together instead of leaving bulky debris that could cause trouble with reloading. 
A good method, not requiring any special materials or formers, is simply to ent a 
slit in the middle of a square of paper and glue it over the prepared time fuse, 
leader and all. The lifting powder is then poured into the center of the paper, 
which is gathered in and Ged t form a sort of “bun.” Afier cutting off any 
excess, the lift pouch can be pressed down gently against the shell to Garren it a 
little. Finally, a sheet of strong paper is pasted over the entire bottom part of the 
shell, taking care to see that it is rubbed down smoothly over the leader and is 
allowed to dry well before the shell is picked up. Use of paste instead of glue, or 
worse, plastic tape, for fift wrap, not only gives a better finish, it reduces the 
mount of smouldering debris left in che mortar when the shell fires. 

‘ylinder shells, especially those made with spolettes, customarily have the time 
at the top to protect then: fiom the pressure of the lifting charge. Small 
single-breaks with machine-made fuses arc often finished with their fuses in the 


lift to save time. Shells of three or more breaks can certainly be made the 
t mest pyrotechnists prefer to have the extra safety margin where high 
pressures are generated. Even Japanese ball shells are usually top-fused in the 
izes, There are slightly different methods of lifting cylinder shells, bar the 


p is te attach a “passfire” to the time fuse and run it around th 
the bottom. Nozmally, this consists of ewo strands of good match in a piece of 
rough paper pipe, although for small single-break shells, the piping is sometimes 
omitted. ‘The use of doubled strands makes it almost impossible to “choke off the 
fire” when tying knots around the match. Paper, which is best pasted, can now be 
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rolled around both shell and passfre. For commercial shells of ordinary size, 
paper is often cut wide enough to project over both ends, and is tied s 
the powder at the bottom. A neater finish is made by pasting on only a thin “lift 
bag" at the bettom, folding it in and covering it with « pasted pai s deseribed 
for a ball shell. The sides of the shell can then be covered by another strip of 
paper, often colored or patterned. Ordinary bundle match is sometimes used for 
leaders, but stronger hand-rolled pipe is a better choice. At the end tied into the 
shell, an extra piece of bare match i usually inserted. Gn a shell with machine 
made time fuse, the leader can be attached to the fuse, and the overhanging 
paper left for the purpose can then he cinched in and tied around the leader. For 
apolertes, it is usual to roll a “bucker,” simply a few turns of kraft made into a V4 
to 2” diameter tobe. The bucket is tied (and often glued for good measure} over 
the spolette and igs attached passfire, and the leader is tied into the top of the 
bucket. 

Shells for commercial sale have the lighting ends of their leaders bared for a 
few inches and the expx 4 sy : 
shells have a short piece of “safety” fuse attached at this point with the idea 
of giving the people igniting them more time to get away, but the delays are so 
variable that any gain in safety is doubtful. Shells destined for electrical firing 

7 of course be made without leaders, placing clectric igniters directly in the 
hfting charges, or, in the case of a fop-fused shell, m the bucket. In practice, most 
makers do not have too much control over the use of their products, and the 
problems often encountered with electrical firing systerns also make ita good 
idea to have an ordinary leader fuse as a backup. 

A popular rule of chumb says that a shell should rise about a hundred feet, or a 
bit more, for every inch diameter. While this may sound simple-mmded, it holds 
true for most kinds on the market. Some makers deliberately skimp on lifting 
powder, not only out of simple stinginess, but because im places with hmited 
space, such as city parks, low-breaking shells appeax larger to the spectaters and 
are less likely to drift into unsafe areas. In mest cases, the traditional altitudes are 
to be preferred. The amount of commercial black powder needed to lift a sheli 
varies from about five te ten percent of the shell’s weight, depending on several 
factors. The fit of the shell in the mortar obviously makes « differenc 
normal limits, it is not as significant as one might expect. An ext , 8 
when a shell designed for a five-inch mostar is accidentally loade: six, will 
cause the shell t burst on or near the ground. However, it is rare to find com- 
mercial shells undersized cnough to cause any problems with the designated dze: 
of mortars. Shells of normal size will reach good altitudes using one ounce of 
EFA, powder for every pound of shell weight. Many experienced pyrotechnists 
Like to sift the powder through an 8-mesh screen and use the “fines” for ball 
shells and small cylinders such ss three-inch finale shells, reserving the coarse 
fraction for heavier cylinders. Chinese shells are normally lifted with powders of 
finer granulations, which resemble American black sporting powde 
FFFEA. but are usually less energetic. Ball shells are much lighter than cylind 
of the same diameter, and their shape theoretically rakes them more te 
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crushing. Even so, many people feel that the use of excessively fast lifting powder 
contributes to the relatively high incidence of mortar bursts experienced with 
imported shells of six-inch and larger sizes. These things should be borne in 
rnind if one has to deal with shells which have had their lifting charges damaged. 
or torn away in handling. ‘There is a “cannon” grade of black powder, comparable 
to FFA, which is packaged for retail sale in one-pound cans, but most sporting 
goods stores do not carry it. If it is necessary to use Fe gunpowder, extra care 
should be taken and the minimum calculated lifting charge should be tried first. 
Tf there is any doubt about the appropriate amount, or if the time fuse may have 
been damaged, the shel! should be returned to the seller. 

Good hand-rolled leaders are strong enough to support shells up to ten pounds 
or so as they are lowered into the mortars. Heavier shells require sorne sort of 
lowering cord, which in the case of ball shells may simply be tied to the loop of 
rope on the top of the casing. Cylinder shells are not quite as easy to deal with, 
but moderately heavy ones using spolettes may have the cord tied to the base of 
the spolette, taking care to secure the knot so it cannot slip and damage the 
passfire. A cylinder shell exceeding twenty pounds is best equipped with several 
cords passing completely around the bottom and back up to the top where they 
are tied together. This step is normally performed before the lifting powder and 
finishing wrap are added, so that the cords are held smoothly in place. 


Aquatic Fireworks 


At one time, pyrotechnists, like the United States Marine Corps, were expect~ 
ed to make use of their skills in the air, on land, and on water. Because water fire- 
works are practically a thing of the past in western nations, they will receive only 
brief notice here. Most of them can readily be imagined from devices already 
described; for example, there were various types of wheels designed to float on 
the surface of a pond or lake. Perhaps the most distinctive and popular of aquatic 
fireworks were water rockets, with such names as “fish” or “diving devils.” Some 
of these devices merely skirnmed about on the surface, but the more ambitious 
type of water rocket was designed to dive and resurface multiple times. This 
required careful waterproofing and balancing. Layers of powerful driving compo- 
sition alternated with a special mixture which gave a shower of sparks at the sur- 
face, but did not produce enough thrust to force the rockets under, Often the 
nose of such a device was fitted with an angled or curved piece which caused the 
rocket to resurface in different places, instead of merely bobbing up and down. 
“Bartils de trompes,” consisting of batteries of large-bore sequentially-firing 
mines (not unlike today’s exhibition candles made with felt wads, g.v.) were 
placed inside waterproofed and ballasted containers so as to float with their muz- 
gles just above water, repeatedly discharging their garnitures like a submarine 
volcanic eruption. Examples are illustrated in Fig, 15-25. 

Into the Victorian era, aquatic fireworks were seen at most disp lays where suit- 
able bodies of water were available. On the Prince of Wales’s tour of India in 
1876, there were many fireworks displays, including a memorable one at Trichi~ 
nopoly; “in the tank below the rock were innumerable water fireworks...the lake 
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Figure 15-25. Water fireworks (after Perrinet-d’Orval, 1750)" 


being alive with fire devices of every hue.” Minimal fire danger was one obvious 
advantage of this class, but there were occasional mishaps. J.T. Desaguliers wit- 
nessed a display on the Thames in the early eighteenth century in which a diving 
devil exploded underneath a barge.” The report contained “much less than an 
ounce” of gunpowder, but due to the incompressible nature of water the bottom 
of the vessel gave way, dumping all the passengers into the river. However, fire- 
works designed specifically for use in water fell out of fashion long before the 
modern-day explosion in lawsuits. Most of the items were not easy to enjoy from 
a long distance, and were more suitable for small fétes than the giant spectacles 
of today. It is worth noting that the use, now much revived, of pyrotechnics on 
the stage (discussed briefly in Chapter 14) was as moribund fifty years ago as 
water fireworks are at the time of this writing. There are signs of a minor revival 
of interest in aquatic freworks. 

The Japanese have a type of serpent mine called “goldfish” (Aingye) which is 
fired horizontally over water so that the inserts “swim” around on the surface. 
‘This item demonstrates the fundamental simplicity of fireworks — it exemplifies 
an uniquely eastern approach to the same item found in the West as the mine of 
serpents. Tubes of an adequate wall thickness are closed off at one end and then 
charged with a driving composition. The open ends are closed with a drumhead 
of paper and then primed. These are, of course, equivalent to unchoked serpents 
(gv). A “lifting” charge (here, the purpose is not so much to Aff them into the 
air, but merely to propel them) is made by containing FFFFA black powder 
between two rounds of tissue paper — very much in ‘the manner of a round 
teabag. A stiff case is closed with a wooden plug or paper disk, punched to accept 
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Goldfish unit 


Cartridge 


Figure 15-26. Goldfish assembled (after Shimizu}** 

a piece of time fuse; the fuse and powder sack are loaded, and the case filled with 
the little serpents (loaded primed end towards the blowing charge). Several 
thicknesses of paper ~ iz. thick enough to withstand being in the water for ten 
seconds, but not so strong that the end plug is preferentially blown out ~ are used 
to close off the piece. Fig. 15-26 illustrates. Geldfish is a specialized item today; 
nearly all rnanufacturers make star shells, whereas a few produce this kind of 
“signature” product and sell it to the rest of the display industry. In the old days, 
many manufacturers had ball mills or stamp mills for producing their own pow- 
der, but economics and the desire to abandon all unnecessary hazardous opera- 
tions have meant that black powder is purchased. Similarly, the driving composi- 
tion for these serpents has been a relatively slow burning powder which has been 
milled and granulated to improve performance for this specific application. 
Shimizu describes use of a ball milled powder as well as giving precise receipts 
and measurements for a specific size of product. The reader should consult this 
reference’* for more details. 


Another Japanese practice is better characterized as a feat of daring and sang- 
roid than a case of specialized pyrotechnic engineering. A warimono-style shell 
without a lifting charge is ignited and thrown out of a small boat, after which the 
occupants row madly to escape the flying stars. ‘The appearance of the shell is of 
a colored sun half risen on the horizon, with a more dull reflection of the lights 
in the water (Photo 15-41). This is a popular firework effect for shows given near 
a lake or river. The shells are made specifically for this purpose using a piece of 
time fuse of greater length than normal, and employing polystyrene hemispheres 
glued in place around the shell to provide buoyancy. 


‘The venerable French firm of Lacroix-Ruggieri makes a variety of aquatic 
effects resembling those illustrated in the old books, as do some of the Spanish 
manufacturers. Many of these are loaded as garnitures into mines, which are 
intended to be fired from mortars angled at lew elevation over the water, into 
which they fall and exhibit their various effects. One development showing the 
application of recent technology is the so-called “water shell,” in fact, a six-inch 
mine containing nine approximately three-inch plastic shells fitted with long 
time fuses. After firing, these Hoat in the water until they explode at different 
intervals according to their respective timings. Such products have been seen 
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oceasionally at large displays fired over water in the United States, but the diff- 
culty of keeping unauthorized boats out of the display area, and the resultant 
potential liability, probably will limit their future use. 


Display Operation 


In some respects, setting up for a typical public display is less complicated than 
it was in the eighteenth century, with its large fancy set pieces, flights of skyrock- 
ets, and water fireworks. In most industrialized nations today, the emphasis is on 
large volumes of shells, with Roman candles and other low-level effects playing a 
secondary réle. Pancewoucs is still done, but is not a signific ant part of the typical 
public display. In the United States, lancework pieces are more likely to be 
encountered at private patties or in corporate events and advertising. The firing 
of large, choreographed shows is obviously a specialized endeavor, and those 
involved in it are already too aware of the issues affecting their specific localities. 
At the same time, thousands of smaller displays are fired annually all over the 
United States by volunteer fire departments and by cueer gies organizations 
such as the Lions’ Club, Rotary, or Jaycees. It is to be hoped that these parties 
may find the following observations useful. 

Mortars ave best made five or six times as long as their internal diameters, in 
the common sizes, and can be a little shorter in large calibers. For most applica- 
tions, there is no point in having a twelve-inch mortar six feet long, and such a 
thing is difficult to handle. Long mortars do make slightly more efficient use of 
lifting powder, but if the standard lengths are exceeded, many commercial shell 
leaders will fail to project far enough from the muzzies and may slip inside where 
they cannot safely be ignited. 

Whether or not the metric system has been adopted in the country of origin, 
shells will generally be found to conform to standard sizes in inches unless they 
happen to be made in an indigenous system of measurement (such as the Japan- 
ese go"). The standard sizes are 3”, 2, 5”, 6°, 8, 10”, and 12”. Seven-inch Chi- 
nese shells are occasionally seen in the United States, but neither plastic mortars 
nor steel pipe are easy to obtain in this size. Salutes of 2” and 24” calibers are 
often used in display work in pre-loaded finale boxes, but these sizes are rarely 
sold as individual shells. Mortars over 12” are rarely used and are essentially cus- 
tom projects, although 16” and 24” ball shells are sold in the United States, and 
16” plastic mortars are available. 

In American fireworks business usage, there was formerly a custom of describ- 
ing shells by circumference rather than diameter, or at least such was the 


*'The Japanese use a native measuring system for their shells denominated in units called 
go — a little Jarger than an inch. The smallest shell is 2.5 go ~ the equivalent of our 3”. 
‘The Japanese domestic 3 go is not exported, it being equivalent to a 3.5” shell, and 4” 
shells are made only for export. In practice, from 4 go through 7 go, one may simply add 
1 and refer to the size in inches. One shadu is equivalent to 10 go, but this measurement 
is used for the largest shells only: a 10 go shell (famous to those who have seen Japanese 
displays with an announcer shouting out “ju-go tama!”) is the same as our 12” shell, but a 
24” shell is referred to as a ni shaku tama, and so on. 
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Fig. 15-27. Steel mortar construction 


justification advanced for calling a 3” shell a 9”, a 4” shell a 12”, e¢ cetera. This 
regrettable practice seems to have been an instance of commercial puffery, and 
has largely been abandoned, though old stock may still be found bearing such 
misleading labels. 

Steel mortars are the traditional choice; the preferred material is American 
Nationals Standards Institute (A.N.S.L) Schedule 40, or equivalent searnless 
drawn-over-mandrel pipe. Odd lengths of scrap pipe or well casing offer the 
attractions of considerable economy as compared to new material, but should be 
accepted only if their inside diameters do not exceed the nominal diameter 
desired by more than 8” if the latter is 8” or under, or by more than V2” if 10” or 
greater. In any event, the inside diameter should never be less than the nominal 
diameter. In addition, the pipe ought not be accepted should it have excessive 
rust pitting sufficient to weaken it or to cause shells to snag on a rough surface as 
they are lowered into the mortar. Seamed pipes are suggested by some 
authorities** as offering a known point of weakness that can be oriented av vay 
from the audience and crew, should a mortar give way during the course of a dis- 
play. Customary American practice disapproves of seamed pipe and demands the 
seamless variety. 

Steel plate, usually at least 44” thick, and thicker for larger-size mortars, is used 
to seal the breech ends. A simple expedient is to cut square plates and weld them 
to one end of the length of pipe around the outside. Such mortars are sometimes 
used on barges or in above-ground boxes where they are ballasted with sand; the 
end plate keeps them upright and prevents them from moving. However, when 
the mortars are buried in the earth in the more usual manner, this arrangement 
makes them more difficult to remove without digging. The preferred method is 
to cut the plugs round, turning them on a lathe so they fit snugly inside the pipe. 
ifusing a thick plug, it is sometimes chamfered on the underside to provide for a 
better weld. The plug is then recessed a short way into the bottom of the pipe 
and welded in place around its entire circumference. The temptation should be 
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resisted simply to “tack” the plug in place with a few spots of welding. Admitted 
ly, the breech pressures generated by most shells are very low, and such mortars 
often withstand many firings. However, the time usually comes when a long, 
heavy, and expensive shell is loaded, or when rust takes its toll on the stingy bits 
of welding rod alloy. Then the bottom comes out of the mortar, and the shell 
bursts low or on the ground. A proper weld bead run all the way around the joint 
takes full advantage of the strength of steel. Mortars specially made for heavy 
shells often have reinforcing gussets of angle iron welded across the recessed 
breech plug for further strength. Mortars made in the recommended manner will 
last indefinitely if kept reasonably clean and dry. Fig. 15-27 illustrates these 
methods of mortar breeching. 

Most types of shells can burst in a steel gun without damaging it; even when a 
long multi-~break collapses, the bottom shot usually makes it out of the gun 
before exploding. Salutes are the one type of shell which ought not be fired from 
steel because of the possibility of shredding it into fragments that travel with 
sufficient speed to wound or kill. Large chrysanthemum style shells may also be 
powerful enough to destroy a steel mortar from a premature burst. The danger 
from metal mortars (and other types as well) can be kept to a minimum by 
adhering to the standard procedure of burying them in the ground, so that only a 
few inches of the muzzles protrude above the surface. A timber may be placed 
below the mortars, to prevent their being driven below ground level by he recoil 
from repeated firing. The main disadvantage of steel mortars is their weight, 
ee in large calibers. Handles are sometimes welded near the mouths of 
the latter to make it easier to remove them fiom the earth. A few display opera 
tors use lightweight, seamless steel tubing of a special alloy, but this material is 
expensive and not easy to find. Aluminum mortars have been tried but are cer- 
tainly not common. 

Paper mortars have long been used as a lightweight, low-cost option, especially 
for finale racks, and anywhere that large numbers of salutes are to be fired. 
Three- and four-inch are the common sizes, although larger ones are sometimes 
available. While good parallel-wound tubes would be preferable because of their 
strength, practically all commercial paper tubes in such sizes are spiral-wound. 
‘The exposed “seams” in the bore of such a mortar are vulnerable to charring and 
unravelling; mortar life can be extended by treatment with varnish or phenolic 
resin. Paper mortars are usually breeched with turned wooden plugs, which 
should be both glued and nailed in place. 

Plastic mortars are increasingly used today because they are more weather- 
resistant and usually last longer than paper. Even shooters who prefer steel for 
general use often buy plastic in eight-inch and larger sizes, because they intend 
to use them only for ball shells and the mortars are so much easier to carry than 
steel. One-piece plastic guns are available in the smaller sizes, but some, alarm- 
ingly, are thinnest just ahead of the breech, where they need to be the strongest. 
Most of the plastic mortars in use are plugged with the standard wooden plugs 
originally marketed for paper mortars. The tube material of choice is high-denst- 
ty polyethylene, or “HDPE.” The more commonly available PVC pipe should 
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“igure 15-28. Bucket chains (after Fulcanelli).* 


never be used, because it is relatively brittle and easily blown apart into sharp 
fragments. 

There are two basic approaches to firing quantities of shells. One is to pre-load 
each device in its own individual mortar before the display begins. This method 
is essential for finale chains or electrically-fired sequences, and there are some 
who feel it should be used for all display work. Pre-loading is certainly not a new 
idea, and a hand-fired show of this type is perhaps the most reliable of all 
options. In the past, it was not uncommon for a firework company to set up a 
“one-match” display, That is, all the shells, and groups of shells, were connected 
by spolettes or Bickford-type delay fuses in a sequence which might last as much 
as half an hour, Such practices are rare today, and when shells are “chained” 
together, it is usually done to fire them in rapid succession. 

Finales or smaller flights of shells to be fired in this fashion may be fused 
together by a variety of techniques, the most common of which employs piped 
match connected by “buckets,” or thin paper tubes consisting of two or three 
turns of light-weight paper, e.g., 30-pound kraft, 54” to 9/4” in diameter and about 
3" long. Lengths of piped match varying in length from perhaps 10” to 18”, and 
having 1” to 114” of match bared on either end, are assembled by tying with clove 
hitches into successive buckets, forming the chain. It is preferable to use strong, 
hand-rolled match pipe and stout quickmatch for this purpose, since chains typi- 
cally receive somewhat rough handling on the display site, and also because it is 


Fig. 15-29. Clove hitch. 
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preferable for the chain to be strong (so as not to break) and the shell leaders to 
be relatively weak (so they break away after having served their purposes). How- 
evet, in expedient situations, continuously-entubed “bundle match” is often used, 
the piping being torn or cut partway through at intervals, exposing the match 
without severing it. At each cut, the match may be bent double and tied into a 
paper bucket ~ which of course may be hand-rolled, although a common practice 
is to use the paper coin wrappers cheaply available from stationers. Such practice 
is not the most workmanlike, but frequently serves for last-minute work at a dis- 
play site. 

When the requisite number of chains (Fig. 15-28) is made, the shell leaders 
can be tied into them in the desired order. It is important to use clove hitches 
(the traditional tight knot used in fireworks — see Fig. 15-29) and to see that they 
are snug enough to prevent slipping. Additional knots are sometimes tied around 
the match between each bucket to slow the timing, but the results of this are 
quite variable depending on the match used. An auxiliary length of pipe, for 
relighting in the event of a break in the chain, may be tied in at several intervals 
along the finale, bared and capped like a shell leader. Shells are often chained in 
advance and in this case, the number in each chain should match the number of 
mortars per rack, usually no more than ten or twelve. This is much better than 
trying to handle a chain of a hundred shells, and the shorter chains can be quick- 
ly tied together at the display site. After a chain of shells is loaded into its mor- 
tars, it is a good idea to anchor the festooning loops of match by tying or by 
other methods to the tubes or the rack. ‘This makes it less likely that a departing 
shell will damage the chain or pull a neighboring shell out of its mortar. 

Burying large numbers of mortars is laborious, and in many places, such as 
barges, carefully tended grounds, and paved areas, it is not possible. Racks are 
securely staked or tethered to prevent them from tipping over. Large single mor- 
tars are sometimes placed in barrels or boxes filled with sand (Photo 15-42), to 
add stability and perhaps offer some protection if a powerful shell bursts in the 
gun. There is still potential hazard from muzzle breaks and shells coming back 
down, but today, most of the danger is to the shooters rather than the spectators. 
Display insurance policies are often made conditional upon observance of separa- 
tion distances as set in N.FLPA. Standard 1123, and in some cases distances are 
prescribed by state laws. The minimum viewing distances are generally reason- 
able, ranging from a few hundred feet to a quarter mile, and it is not a bad idea 
to follow them, even where it is not legally required. More controversial NEPA. 
guidelines include recent recommendations on electrical firing, specifically the 
rule that all shells larger than six inches must be ignited in this manner. Certain- 
ly, the rule was inspired by real problems with large, cheap chrysanthemum and 
peony shells, which are more potentially destructive than most other kinds, espe- 
cially when fired in close quarters such as barges. However, many people falsely 
assume this restriction is a federal law, and do not bother to question its validity 
in other circumstances. There are even individuals pushing for mandatory electri- 
cal firing of all display material, but many of these people stand to profit from 
selling firing panels, electric igniters, or plastic mortars. At the time of this 
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writing, the N.F-P.A.-1123 guidelines are under review, and nothing further will 
be said about them here. 

As in many other endeavors, the basic term “electric” is often confused with the 
term “electronic.” Electrical firing may be done with a firing panel or even a 
handheld switchbox, using a storage battery as a power source. This allows one 
operator to control a large number of shells, with good timing and without being 
too close to the mortars. In displays where only a few shells are to be fired by 
electri icity, even a switchbox is not really necessary. One may simply touch the 
lead wires to the terminals of a battery, or use a blasting machine which gener- 
ates its own current. The heavy [-handle kind made famous in cartoons and 
movies is much more powerful than necessary, and many shooters prefer the 
small handheld version with a twist handle, or the more recent capacitor-dis- 
charge variety. Electric matches (“squibs” to many fireworks men, though not 
strictly speaking a correct usage) now cost in excess of fifty cents apiece. Fire- 
works wholesalers selling small “ship” shows may include a number of them if 
requested when a display package is sold. With larger displays, where hundreds 
or even thousands of shells are to be fired electrically, cost becomes a significant 
factor, as does complexity of wiring. Because each additional circuit presents 
another opportunity for failure, it is considered good practice to combine electric 
firing with the use of pyrotechnic delays and chaining in order to reduce the 
number of firing “cues.” Many very ambitious displays have been fired, through 
the use of such techniques, using fewer than one hundred electric matches. 

“True electronic firing is also possible, using pre-set timing devices: specifically, 
computers are increasingly used in connection with recorded music to produce 

“choreographed” displays. In order to make a shell burst coincide with a specific 
beat of music, it is necessary to know the rise time of each individual kind of 
shell being used. Naturally, this requires dependable supplies of very consistent 
material and is more feasible for large operators than smaller ones. In a few cases 
electronic delays within the shells have been substituted for pyrotechnic time 
fuses. The delays are activated at the same time as the shells are launched, com- 
municating fire a predetermined time after the shells leave the mortars. Even 
without such exotica, impressive results can be achieved through accurate chore- 
ography. However, if the timing were perfect, there would still be no escape from 
the laws of physics, namely that light travels faster than sound, Unless each audi- 
ence member can be equipped with a headset, there is only one specific viewing 
distance where a choreographed display has maximum appeal — and even ere 
noises of the fireworks themselves may detract from the intended effect. Thus, 
while shooting fireworks to music has become increasingly popular, wise opera- 
tors realize its limitations, and budget their materials accordingly. Instead of 
striving for precise timing, one important consideration is to choose shells which 
fit the “mood” of a particular musical composition.’ Willows tend to harmonize 
with slow or romantic melodies, big chrysanthemums with dramatic overtures 
and marches, hurnmers perhaps with a polka or caprice. Consistency is also 
important. Tf, for example, serpent shells are chosen for the initial gallop music in 
von Suppé's Light Cavalry Overture, serpents should be fired again when the 
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same theme reappears later in the piece. Finale barrages and other very noisy 
segments are usually better without any music at all, although they can be enjoy- 
able if it gradually fades out as the firework sounds take over. 

Whether or not music is involved, a little forethought is in order to keep from 
wasting money on inferior effects. Amateur groups that fire one or two displays a 
year cannot be expected to know the finer points of each type of shell, or to Keep 
track of the constantly changing quality of different Chinese brands. However, it 
is amazing how many enthusiastic volunteers do not bother to learn any! ching at 
all about the material they are buying. With an attitude that “fireworks are fire- 
works” and a tendency to order them in the last week of June, it is surprising that 
the results are not worse than they are. Most package deals are promoted on the 
basis of shell count, with the predictable result that they rely heavily on the 
cheapest grades of three- and four-inch Chinese peony effects. Even where there 
is a good variety of material, it is often spoilt by poor display design — not only by 
the amateurs but by professional operators with the latest electrical equipment. 
Salutes, for example, are useful in many ways, but there is no point in shooting 
them with crossette shells or other subtle effects. Pattern shells such as hearts are 
usually best in volleys, with several of the same kind together, instead of being 
scattered amongst other kinds of shells. According to Lancaster’, “...it is all too 
easy to end up with a messy ‘salad’ of colours which allows you to show off noth- 
ing to its best effect. Another mortal sin is to have a wonderful Golden Willow 
Shell completely obscured by brighter low level fireworks.” The pace and dura- 
tion of a display are also important. In some countries, firework. exhibitions may 
last for several hours, allowing elaborate individual pieces to be enjoyed in a 
leisurely manner. In the United States, where there is a taste for noisy and fast- 
paced entertainment in general, even the largest displays rarely last much more 
than halfan-hour. The more material used, the more important it becomes to 
shoot it in a coordinated way. “Saturation bombing” can be impressive for brief 
periods, but too many modern displays seem to degenerate into competitions to 
determine who can fire the most shells in a given amount of time. 

Reloading mortars during a display is discouraged by some safety advocates, 
but it is widely practiced for several good reasons. Relatively few mortars are 
required, so good steel ones may be used without making the display kit too 
inconvenient to move around. The plan can be changed at any point; certain 
types of shells may be scratched from the program if they are not performing 
well or if a sudden change in weather makes them inadvisable. 

Japanese display firing technique differs markedly from what is usual and cus- 
tomary in western countries. All sizes of shells through 12” are typically fred 
from mortars above the ground, tied to stakes. In the normal, or “slow fire” tech- 
nique, loose powder is poured into the mortar, the shell lowered onto it, and the 
whole ignited by dropping a lighted star (called sindore), perhaps containing a 
small percentage of ferro-titanium for sparks, into the tube. However extraordi- 
nary this procedure may sound to a westerners, that the practice still continues is a 
testimony to the correct performance of the vast majority of the shells. The 


Japanese also prepare shells especially for “quick shooting””* or Agya-ucbi, which 
Jap prep f y q e iy 
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do not have leaders, and have their lifting charges enclosed in a minimum of thin 
paper. The top of each shell (opposite the time fuse and lifting charge) is fitted 
with a piece of paper tubing, which serves as a handle and also prevents the shell 
from turning as it slides down the tube. To prepare for firing, a metal cvil is heat- 
ed red hot in a brazier and placed at the bottom of the steel mortar, after which a 
shell may simply be dropped onto it. The hot metal instantaneously burns 
through the paper to the lift charge, and the shell is fired. As many as ten shells 
can. be fired in quick succession before the coil cools too much and has to be 
replaced with a freshly-heated one (Photo 15-43). The method has the advan- 
tage of eliminating the handling of loose powder on site, and not requiring the 
sindore and its striking strip, but there are other drawbacks. The lifting charges of 
the shells prepared in this manner are vulnerable to handling, and the presence of 
an open fire to heat the metal coils in close proximity to the fireworks is a safety 
concern, Neither of these Japanese methods of firing is known to be in use in the 
United States or other western nations. 

Commercial shells vary slightly in size, as do mortars; thus, when preparing for 
a hand-fired display, it is best to check the fit of any dubious ones in advance. 
‘This means any shells that appear lumpy or which have loose baggy lift wrap, 
anid all long multi-breaks. Cylinder shells that fit snugly, but will still slide in a 
mortar, can be fired, using a stick to push them all the way to the bottom if ne- 
cessary. However, it would be very dangerous to try to do this in the middle of a 
display when there could be sparks in the mortar from the previous shot, so any 
such tight shells should be preloaded. Before the display begins, all shells should 
be divested of any plastic wrap or extraneous material, and should be inspected 
for damage such as torn or missing leaders, leaking powder, severe dents, or water 
damage. Next, they should be carefully sorted by size — one of the most common 
mishaps in displays fired by “local talent” is that of loading a shell into a mortar 
one size too large, causing a burst very low if not actually on the ground. Five- 
inch shells seem to be more subject to this problem than others, partly because 
they vary so much in type and diameter, and perhaps also because people tend to 
think in terms of “even” sizes and a five-inch looks very large to someone not 
accustomed to handling display fireworks, It is not a bad idea to place the main 
group of five-inch mortars at the opposite end of the line from the sixes. More 
importantly, shells should be kept in “ready boxes” with only one caliber in each 
contaier, and each ready box should be directly behind the mortars of the 
appropriate size, thirty to fifty feet at least, from the firing line. Wooden boxes 
with hinged lids can be built for this purpose, but large garbage cans with lids 
work very well. The main consideration is to open the lids as little as possible and 
to close them quickly after removing each shell, to protect the remaining shells 
from sparks or stray garnitures. Unless there is a shortage of crew members, it is 
best to have a separate loader for each caliber as well. After each volley, it is well 
to have a different person check the fired mortars, extinguish sparks, and if there 
is an excessive amount of smouldering paper, clean out the offending mortar 
before the group is reloaded. A broomstick with a few nails driven through it is 
the standard tool for this job, although a true cannon worm is even better. In 
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extreme cases, it may be necessary to swab a mortar with a wet rag wound 
around the cleaning stick. Several buckets of water should be handy for this and 
other possible emergencies. 

Most firework safety falls into the category of common sense, and it is hoped 
that the reader’s intelligence will not be insulted by any of these observations. 
Even the most experienced shooters can make silly mistakes when hurrying 
about in the dark. Probably the most important precaution is to avoid placing 
any part of one’s body over a loaded mortar, or one which may be loaded. The 
smallest shell in common use, the three-inch spherical, is approximately the size 
of a baseball, and it leaves the mortar with more velocity than the best profes- 
sional pitcher could give it. Even without exploding, such a projectile can cause 
broken bones or severe head trauma, including death. Safety glasses or goggles 
offer protection from flying stars or other shell inserts; long trousers and boots 
are to be preferred over shorts and sandals for the same reason. The value of 
more extensive safety gear is arguable. Many crews wear hard hats, but they offer 
no protection from a shell or mortar fragment coming from below, and would 
not necessarily save a person in the unlikely event of a heavy shell striking him 
after a fall of several hundred feet. 

In the United States, most hand-fired displays are ignited not with the obso- 
lescent portfire (g.v.) but using standard road Hares (fusees), which are available 
with a variety of burning times from five minutes to thirty minutes or more. 
‘Their inside diameter of “4” is a perfect fit for a piece of broom or mop handle, 
which can be slid into the open bottom end of the flare and taped into place. A 
handle makes it easier to ignite a leader without being badly off balance when a 
quick getaway is required. Some operators like to use a propane or butane torch 
with a long nozzle. Matches or cigarette lighters should not be used, because 
they are easily blown out by a breeze, and they place the firer too close to the 
danger zone. 

In the case of the true “dud,” where the leader burns but the shell does no- 
thing, crew members should wait a minute or two before approaching the mor- 
tar. The mortar then should be marked, and may be covered with a light board to 
prevent it from being accidentally loaded again, and left until the display is over. 
Many operators pour water into the mortar before covering it, but this is likely to 
make the shell swell enough that it will be difficule to remove, and it will take 
hours or even days of soaking before all the shell contents are completely deacti- 
vated. However, where dud shells are to be destroyed by water instead of by 
burning, it does not hurt to have a head start on the process. 

As noted previously, with the exception of salutes, most types of shells can 
explode in a steel mortar without causing significant damage to it. The upward 
spray of stars and other garnitures from a premature burst is called a “flower pot;” 
it usually does no serious harm to anybody as long as the crew members are pay- 
ing attention and the ready boxes are closed. After such an occurrence, the mor- 
ar should be checked with extra care, and if there is any doubt about the 
strength of the bottom, or if there are plenty of other mortars in the same size, it 
should be covered until it can be dug up and examined carefully. Incidentally, a 
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sure way fo cause a flower pot is to place a shell in the mortar upside down; this 
is not as uncommon as might be expected and happens mainly with ball shells. 
Most shells are marked with arrows, but darkness and excitement conspire to 
make them easy to overlook. Inexperienced shooters who are not told any better 
may associate the pointed end with the nose of a skyrocket, while a shell which 
has a large rising tail effect, also covered with paper, may look equally hunpy on 
both ends. If the hanger loop of a ball shell should break so that the shell hangs 
almost upside down when held by the leader, conditions are ripe for this embar. 
rassing and potentially dangerous blunder. If the “whoosh” of a leader is followed 
by a weak “poof” and a large cloud of smoke, it is time to take cover. Large, hard~ 
breaking ball shells are more likely to burst a mortar than other common types of 
star shells, and there is another hazard associated with them as well. This is the 
“muzzle burst” in which the shell explodes just as it leaves the mortar, The cause 
of this phenomenon is poorly understood, but is likely to involve the time fuses, 
or perhaps ignition from friction of shifting shell contents. During a muzzle 
burst, the shell appears to perform normally but at a dangerously close distance 
to the display crew; the explosive force can be enough to burst an eardrum or 
drive burning stars into the body cavity. Extra care should be taken with chrysan- 
themum or peony shells in six-inch and larger sizes, particularly those obtained 
at “bargain” prices. 

A bombshell which leaves its mortar and reaches a normal altitude, but does 
not burst, is sometirnes called a “black” shell — but whatever it is called, the dan- 
ger of leaving such a projectile unrecovered is obvious. Those who load and shoot 
hand-fired displays are usually too busy to watch the results of their labors, 
except for a few brief glumpses. The crew chief should be able to watch most of 
the shells burst, but ideally there will be several observers in different positions to 
watch carefully for any shell coming down “dark.” Teamwork makes it easier to 
find any unexploded devices, immediately after the display if possible, failing that 
at first light the following morning. Fortunately, shells rarely explode from 
impact alone, but those weighing more than a pound or two often crack open on 
striking hard ground. This makes them less hazardous than they would be if the 
contents were still confined, and easier for the cleanup crew to destroy, either by 
soaking ot by burning. Salutes or bottom shots, which may be leaking gray or sil- 
ver powder, should not be burned because large amounts of flash powder can 
explode with great force even when poorly confined. Other shell components 
may be burned in a bonfire, preferably built in a pit, if the location permits. Spe- 
cial effort should be made to find and destroy any small explosive inserts, ranging 
from “M-80” size to two-inch reports, which can be difficult to see on rocky or 
brushy ground. Such devices need not come from an unexploded shell; more 
cornmonly they simply fail to ignite when the rest of a shell’s components work 
properly. Unexploded saettines or timed report units are especially dangerous to 
curious children, because they are about the same size as many consumer fire- 
works but are much more powerful. Prompt removal of these and other litter will 
help preserve the fireworks tradition for the next year. 
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Chapter 16 
Materials Used in Pyrotechnics 


It is not possible to cover exhaustively here every variety of charcoal or resinous 
binder in use. Often, different materials of the same class may be used almost 
interchangeably. For instance, in Japan, rice starch and hemp charcoal are com- 
monly used, whereas in the United States, dextrin is the most common water- 
activated binder, and commercially available charcoal is almost exclusively made 
from hardwood, Some materials, such as boron, are important in military 
pyrotechnics but are absent in fireworks because they do not produce useful visu 
al effects, quite apart from their cost. On the other hand, the expensive dark 
“pyro” aluminum plays an important réle in fireworks, but not in military devices. 


Abeninum 


Aluminum is the low-cost fuel of choice for many effects depending upon high 
temperatures and fast reactions. The oxidation products (chiefly alumina) are 
solid at high temperatures (see Table 16-1) so flame temperatures attainable with 
aluminum approach those of titantum and zircontum. Aluminum is useful on 
account of its being stable in mildly acidic media. It is also a necessary material 
for making many pyrophoric metals, eg. Raney nickel. But because aluminum 
does not form transparent gaseous products as does magnesium, pyrotechnic col~ 
ors utilizing it are often “muddy” or washed out. For this reason high percentages 
of aluminum are not used in color compositions, although it is used in tremalon 
and streamer stars. On exposure to air, aluminum normally forms a tightly adher- 
ing coating of the hydroxide [A((OH),), which may easily be dissolved in alka- 
line media such as a solution of sodium carbonate. Aluminum powder is stable 
with oxidizers (chlorates, perchlorates, nitrates) to at least 80° C, and is compati~ 
ble with ammonium perchlorate. Aluminum exothermically forms intermetallic 
compounds with nickel, palladium, and platinum. 

Aluminum powder is manufactured in two forms with distinct differences in 
performance and subsequent usage: flake (known as “leafed” aluminum, or 
“eafing” in the pigment industry), and atomized (granular). Flake aluminum is 
available in different grades (according to particle size) from coarse flakes to 
“dark pyro.” These powders tend to be dirty and unpleasant to work with, less 
reliable in quality and performance, but are the necessary choice for many appli- 
cations; German “dark pyro” aluminum is a staple in the firework-maker’s 
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inventory. It is not really very common; one source is Gloria Bronze Farben- 
werke, D851, Forth/Bay, Germany. It is made from burned paper-backed foil 
scrap and it contains a little carbon which helps to make it easily ignitable. The 
size distribution of the flakes greatly affects the quality of the visual effects which 
can be achieved. For instance, Shimizu’ reports that to produce “waterfalls” he 
adds flakes of 5 mm diameter to ordinary 170 ym flaked aluminum. 

Atomized aluminum also comes in a wide range of particle sizes, Sieved grades 
are typically ~325 mesh, although coarser grades are common. Purities are high 
(99+ %) and this aluminum is specified in military ordnance items. Photoflash 
rixtures often contain atomized aluminum'® (see Chapter 17). Certain first fires 
(eg. CuO/A) contain aluminum as well. Granular aluminum is the most typical 
fuel in thermites. Atomized aluminum is clean, cheap, and its quality and particle 
size are more reliable. However, mixtures containing it are more difficult to initi- 
ate than would be the case if a fake aluminum had been used. In military 
pyrotechnics, it is the most commonly used, and in fireworks, it may often be 
advantageously used in place of “bright” aluminum, depending on the particular 
composition. 


Ammonium Nitrate 


Nitrates are less costly and safer to handle than the respective chlorates and 
perchlorates, but on reaction, nitrates produce gas making them undesirable for 
any application in which pressure build-up cannot be tolerated. Ammonium 
nitrate, in addition, changes in crystal density with increasing temperature” — a 
property making it undesirable for use in cast propellants. Moreover, it is deli- 
quescent, slow to ignite, and in combination with chlorates it can become dan- 
gerous owing to the tendency toward the formation of unstable ammonium chlo- 
rate. The capacity of ammonium nitrate to act as an explosive when sensitized 
with a metallic or carbonaceous additive is well known. Indeed, any impurity 
may catalyze its explosive decomposition (See Chapter 2, p. 8). 


Ammonium Perchlorate 


Ammonium perchlorate is one of the principal oxidizers found in composite 
propellants because, mixed with the appropriate percentage of carbonaceous 
fuels, the products are completely gaseous. When used with metallic fuels, it 
forms a white smoke of metal oxide; the hydrolysis of metallic chlorides (water 
being another reaction product, as well as a constituent of air) also contributes 
greatly, as in the similar example of HC smokes. 

Ammonium perchlorate is not compatible with magnesium. If moisture is pre- 
sent, some of the NH,CIO, dissolves to form ions of NH,’, ClO,, H*, and 
OH~. These can combine to form HC1O, and NH,OH. In the presence of mag- 
nesium, Mg(C1O,), can also form. HCIO, will ignite vigorously on contact with 


* The transition NH,NO, (1V) = NH,NO, (ID occurs at 32.23°C. 
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PLATE XVIL 


Photograph 15-32. 8° shell after spiking. 


Phots: Ker Clark 


Photograph 15-33. Crossette shell. The absence of bright flashes at the break of the 


crossette comets is an asthetic advantage of traditional dark report composition. 


Prare XVI 


Asi 
Photo: Barey 
Photograph 15-34. Break of pumped stars assembled with final report. These stars still 
need to be primed in situ, as described in the text. 
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Photograph 15-35. Components for 8” shell-of-shells. Final report is at top, four timed 
rings of inserts below it. 


PLATE XIX 


Phote: Mark E. Miner 


Photograph 15-36. 8° single-ring shell-of-shells with heavy report. 


PLATE XX 


Photo: Barry Rash 


Photograph 15-37. 8 and 12” multi- Phote: Wicked # Seabee 
break shells, The 35mm film canister and Photograph 15-38. 12” and 10” multi- 
claret cases show scale. break shells by R. Spychaj and B. Bush 


in process of completion. 


Photograph 15-39. Rondelles 
arranged in ring atop final 
report. The paper band holding 
them in position is not used im 
shell construction; it is used 
only to show position of the 
vondelles for purposes of the 
photograph. 


Photo: Barry Bush 
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PLATE XXH 
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PLATE XXIIL 


Photograph 15-42. 
Pre-loading shells for a display. Mortars are held in boxes filled with sand. 


Photograph 15-43. Japanese quick-firing method. Left: metal coil and poker are shown. 
in front of mortar. Right: poker is used to drop the metal coil inte a mortar. In actual 
use, the coil would be red-hot. Demonstrating the technique is Toshio Ogatsu, of 
Marutamaya Ogatsu Fireworks Co, 
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organics and detonates by shock and heat. Mg(C1O,), is also a fire and explosion 
risk in contact with organic materials. 

Ammonium perchlorate’s corrosive effect on magnesium can be suppressed by 
suitable surface coating, as discussed below under the heading magnesium. ‘Che 
avoidance of ammonium perchlorate in systems which also contain potassium 
chlorate is stressed, as in the similar case of ammonium nitrate. 

Ammonium perchlorate is not. hygroscopic, but care must be taken to avoid 
exchange reactions with certain metal ions, the perchlorates of which are hygro- 
scopic. Encapsulating either the oxidizer or the fuel in a binder will greatly aid in 
maintaining the stability of the formulation. 

Shimizu’” reports that ammonium perchlorate-based fireworks stars produce 
particularly clear colors, but that such stars have limited storage life when primed 
with black powder because of the formation of deliquescent ammonium nitrate. 


Antimony and Arsenic Sulfides 


Mixtures of antimony trisulfide, Sb,S,,* with many common oxidizers are sen~ 
sitive to shock and friction. For this reason, such mixtures are impor tant in stab 
primers in which they take the place of more hazardous primary explosives. 
Antimony sulfide is obtained by liquation of the naturally occurring mineral stib- 
nite and subsequent pulverization. The material thus obtained is a relatively pure, 
dark prey noes showing eres luster if the particle size is not too small. It 
is to this appearance that the old German name for the substance, spiefiglanz, 
alludes. Shimizu’* reports that whereas mixtures of antimony sulfide with potas- 
sium chlorate are sensitive both to shock and to friction, mixtures with potassium 
perchlorate are sensitive to friction but not to shock. Antimony sulfide mixed 
with ammonium perchlorate is sensitive to shock but not to friction. Mixtures 
with potassium nitrate are insensitive to both. The orange pentasulfide, Sb,S,, is 
not a common pyrotechnic ingredient. 

Historically, realgar, As,S,, has been used in report (sound) compositions in 
combination with potassium chlorate. In combination with potassium nitrate, it 
is useful in white stars, smoke compositions, and other effects. Concerns about 
its toxicity (it forms arsenic trioxide on combustion and may contain it as an 
impurity) have made it a rather unpopular ingredient. Realgar is at present also 
much more expensive than antimony sulfide. Orpiment, As,S;, was historically 
preferred for the “flower pot” fountain effect in fireworks (see Chapter 15). 


Alkaline Earth Chromates 


Apart from the carcinogenicity of hexavalent chromium, the alkaline earth 
chromates possess a number of desirable properties for pyrotechnic applications. 
When reacting with fuels, such as boron or zirconium, they do so in an essential~ 
ly gasless manner. Such mixtures, by adjustment of their proportions, can be 
made to deliver an exact amount of heat and they are therefore useful as heat 


* By convention this compound is understood when “antimony sulfide” is used without 
the “tri” prefix. 


259 


PYROTECHNICS 


powders for activating molten electrolytes, and for military and civilian self- 
heating cans of food, etc. The suitability of these combinations stems from the 
aforementioned low gas evolution, the formation of a firmly sintered residue, 
great ease of] ignition, and relatively gentle reaction. 

Che static sensitivity of boron/chromate mixtures is greater than that of similar 
mixtures containing metallic fuels. A mixture containing 88% iron, 1296 potassi~ 
um perchlorate with a barium chromate/zirconium igniter is used in a static~ 
insensitive heat device with an energy output of 400 cal/g and a gas evolution of 
O.1 ml/g. 

Ellern® reports that the range of heat output of barium chromate mixtures can 
be significantly extended by substitution of strontium or calcium chromate 
because of their lower molecular weights. Alkaline earth chromates are anhy- 
drous, are not hygroscopic, and do not form hydrates even when slurried with 
water. Highly calorific mixtures with calcium chromate are excellent fire transfer 
compositions and are used in squibs and as gasless heat powders in general. 


Barium Compounds 


Barium nitrate is stable and non- hygroscopic, and is a useful oxidizer in ae 
pyrotechnic mixtures, including some priming compositions (see Chapter 12). ] 
is also a coloring agent, producing green light when used with a chlorine aoe 
such as polyvinyl chloride (PVC). Without the chlorine donor, and pane alu- 
minum or magnesium as the fuel, the light produced is a brilliant white. Lan- 
caster’ gives a report composition containing 68% barium nitrate, 23% pyro- 
aluminum and 9% sulfur, which is less shock-sensitive than the more common 
perchlorate flash report mixtures but the barium nitrate flash compositions lack 
the sheer power and ease of ignition of the perchlorate type. Barium nitrate is a 
relatively inexpensive material, costing, at the time of this writing, less than one 
dollar per pound when purchased i in bulk quantities. Disadvantages include toxi- 
city and a relatively low oxygen yield. 

Barium chlorate can produce deep green colors without the use of additional 
chlorine donors. Its use was first endorsed in 1836 by Chertier™. Today it is still 
used in display fireworks, but is rarely seen in military pyrotechny. Barium chle- 
rate is believed to be more sensitive to decomposition by exposure to sunlight 
than is potassium chlorate, and mixtures containing it are sensitive to shock and 
friction. It is also considerably more expensive. Barium perchlorate has similar 
pyrotechnic properties, but is far too hygroscopic to be useful in commercial 
items. 

Barium carbonate, in maost mixtures, gives very weak flame coloration. yee 
interested in fireworks may recall the mixture quoted by Brock” of Ba(ClO,)), 9; 
BaCo,, 5; and Al,10. Inclusion of 21% BaCO, (probably as a diluent and phleg: 


matizer) does not prevent this composition from giving a surprisingly good color. 
Black Powder and Related Materials 


After many centuries as the all-purpose propellant and igniter, black powder is 
even now of great technical importance. While modern ignition mixtures have 


260 


MATeRIALS USED LN PYROTECHNICS 


replaced black powder in most military applications, it still holds its own as the 
igniter for large caliber gun propellants. In this application it has the desirable 
qualities of being an effective flash reducer and of being a better igniter for large- 
grain smokeless gun propellants than are other smokeless powders. Another 
property is its ability to ignite at low pressures; for this reason, black powder was 
at one time used in anti-aircraft rounds as a fuze composition. The réles of sul- 
fur, moisture, and volatiles in the charcoal are complex and were made the subject 
of a recent review article. 

Many attempts have been made at finding a substitute for black powder and 
the effort is a continuing one”. The typical thrust of research into black powder 
substitutes is directed at replacing the potassium nitrate with perchlorate and 
reducing the variable properties of the charcoal by replacement with alternate 
fuels such as solid aromatic compounds. One patented’ substitute for black 
powder is Pyrodex®. It has the virtue of being possible to manufacture with less 
specialized facilities than those required for black powder. The performance of 
Pyrodex was compared with that of black powder in a recent study”. lt appears 
that residual moisture phlegmatizes the composition sufficiently to permit the 
use of perchlorates, which otherwise would generate high pressure spikes render- 
ing the powder unacceptable as a propellant. Pyrodex was believed to function as 
well as black powder but to be safer to handle. The impossibility of a “safe” pow- 
der was tragically demonstrated when the inventor and his associates were killed 
in an explosion which destroyed the plant. Pyrodex continues to be made as a 
replacement for black powder in firearms and munitions and is marketed by the 
Todgdon Powder Company of Shawnee Mission, Kansas. 

Another, reportedly comparable, substitute appeared under the name “Golden 
Powder,” consisting of 60% KNO,, 35.8% ascorbic acid and 4.2% sodium ery~ 
thorbate. The manufacturer claimed a water-soluble residue and, because of the 
absence of sulfur, less barrel corrosion. Golden Powder is apparently off the mar- 
ket; more recent variations include Black Canyon, Black Mag, and Clean Shot. 
All of these substitutes find application mainly as propellants in muzzle-loaders.~ 
Some have been investigated for military and fireworks applications, but com- 
pared with black powder, they appear not to be cost-effective. It is also worth 
noting that a material which can replace black powder in one application is not 
necessarily useful in another. For example, pellets of a potassium nitrate/boron 
composition may be regarded as a “black powder substitute” in certain rocket 
igniters. However, such a mixture is by no means suitable for use as a propellant 
in black powder firearms! 

Black powder doubles as igniter and propellant in military flare ejection sys- 
tems and in some signal rockets. More significantly, however, black powder has 
held its own in fireworks, as igniter and propellant, and in delay fuses for aerial 


* Undoubtedly, one of the reasons Pyrodex gained wide acceptance among shooters was 
that its creators managed to have this propellant classified in the same group as smoke 
less powders under shipping and storage regulations. Black powder cannot be sent by 
post, and until recently, the major private delivery service in the United States refused to 
handle it as well. 
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display shells, as discussed more fully in Chapter 15. As with large caliber gun 
propellant ignition, black powder has resisted the influx of competitors because 
of its relative cheapness and because of its singular effectiveness. While no pre- 
cise data on black powder consumption for this purpose are available, it must 
rival the quantities procured for military use, more than a thousand metric tons 
annually. 

Except for use in a few specialized fireworks items (which are rarely seen), 
black powder is not made by the fireworks makers themselves. The procurement 
of black powder has become a matter of ever-increasing difficulty. Since outside 
of the fireworks industry, smokeless powder has almost completely replaced black 
powder, steadily decreasing demand has led to a corresponding decrease in pro- 
duction and there is only one non-military supplier surviving on the North 
American continent. An interesting aspect of this production history is that the 
number of suppliers suffered attrition not only for economic reasons but because 
of a poor safety record which is, in part, a reflection of the risk in the manufac- 
ture and handling of black powder. The most famous producer has been the Du 
Pont Company, but in 1973 it sold its last surviving plant in Moosic, Pennsylva- 
nia to GOEX, Inc., which in turn has suffered two serious explosions since, and 
has now relocated in Louisiana. 

There still remains, however, a need for black powder for military use, and the 
US. Army has constructed a new facility at Charlestown, Indiana. This plant 
uses a new jet mill process,” also known as the Levold process" which is semi- 
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Figure 16-1. Moisture content of air as a function of temperature. 
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Figure 16-2. Black powder moisture content vs. relative bumidity’”. 


continuous and automated, and for which an improved measure of safety is 
claimed. Nevertheless, Dyno Industrier, A/S, a Norwegian manufacturer using 
the jet mill process, has also suffered a major explosion with loss of life. The acci- 
dent occurred on a day when the outside temperature was ~22° C. The process 
was investigated by Levold and Middleton™* who measured the spark initiation 
sensitivity for black powder dust to be 45 mJ. Another investigator, Maki of 
Kemira, OY, Finland, found the minimum ignition energy of resting black pow- 
der to be as low as 6 mJ, or below the minimum static charge energy which can 
be supported by the human body (60-80 m)). These findings suggest that unex~ 
plained explosions in black powder mills may well be due to static electric dis- 
charges. This matter has been considered previously by Lovold’” and by 
Stephanoff”* who specified that the relative humidity within the production 
facility was to be maintained at 70% and 85%-95% respectively. An absolute 
humidity of 10,000 ppm would go a long way to eliminate the static build-up 
which could have been the cause of the Norwegian accident. Fig. 16.1 is a plot of 
the moisture content of air as a function of temperature. Ir may be seen that air 
at 100% RH at —20° C corresponds to only 5% RH at +20° C, Ironically, many 
ordnance plants and test facilities are located in geographical areas having just 
such extremes in humidity. Fig. 16.2 shows the amount of moisture in black 
powder as a function of relative humidity, thereby illustrating the reason for the 
need to handle black powder at high relative humidities. 


Boron and Silicon 


Boron surpasses every element except hydrogen and beryllium in heat output 
on combustion, and is thus an important fuel for military use. Because it is non- 
metallic, mixtures of boron with oxidizers have low thermal conductivity, and 
hence are easily ignited. Although the combustion product, boric oxide, has a low 
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melting point and a high boiling point, in fuel-rich mixtures at temperatures 
above 1000° C it exists in the vapor phase as boron suboxide, BO. Therefore, it is 
quite incorrect to describe pyrotechnic compositions with boron (e. g., boron/bar- 
ium chromate delay compositions) as having gasless reactions; the flame front is 
propagated by the flow of the gaseous suboxide. Moreover, the common boron of 
commerce has trace impurities of oxygen and magnesium, among others. Certain 
grades (¢.g., vapor deposited material from the pyrolysis of boranes, or elecer hy ti- 
cally produced material) are free of these contaminants. These forms of boron are 
not nearly as reactive. One such high purity grade is marketed by the Callery 
Chemical Company. High purity boron, even though quite costly, should be con- 
sidered when sub-micron particle sizes or reproducibility in composition is 
important. We must look to the volatility of its contaminants in explaining its 
reactivity as we do in explaining the higher reactivity of charcoal compared with 
that of graphite, or of sublimed sulfur compared with that of crystalline sulfur. 
Even though boron shares its position in the third group of the periodic table 
with aluminum, it differs significantly in its pyrotechnic properties due to the 
lower melting point and higher volatility of the oxide. 

Like boron, silicon conveys low thermal conductivity and therefore, ease of 
ignition to pyrotechnic compositions. Silicon is found in many igniter and delay 
compositions. Calcium silicide is also occasionally used. Pyrophoric silanes (sili- 
con hydrides) have been discussed in a previous chapter. 


Carbon, Carbonaceous Fuels and Binders 


One of the causes of the variability in the reactivity of carbonaceous pyro- 
chemical mixtures is the many forms of carbon and its compounds which may be 
used as fuels. This is true whether the carbon is lampblack or charcoal. Graphite 
is rarely considered because it does not sustain combustion and its lubricating 
qualities tend to reduce reactivity. Carbon black, also known as acetylene black, 
has a graphitic structure, and like graphite, is quite non-reactive. Charcoal is the 
fuel in black powder (and in some black powder substitutes), and when it is pre- 
sent in excess of the available oxygen in a composition, it is ejected from the 
flame as glowing particles — a much-used firework effect. Charcoal usuall y con- 
tains between 20% and 40% volatile hydrocarbons. Also, charcoal mixtures have 
low thermal conductance. These two factors make charcoal compositions highly 
igmition-sensitive. 

‘The porous structure of charcoal allows other molecules (in the case of black 
powder, KNO, and §) to be incorporated by milling or stamping. The mecha- 
nism of the incorporation is somewhat controversial; the burning rate of the 
Levold type powder is the same or somewhat lower than the GOEX reference 
standard (see the preceding section on black powder). Considering that the jet 
rill produces a finer particle size than does the conventional milling process, one 
would expect equally rapid or faster combustion. It has been claimed that the 
milling or stamping causes both sulfur and potassium nitrate to be forced into 
the porous structure of the charcoal, but electron micrographs do not support the 
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idea. R.A. Sassé”" has speculated that the cause for this discrepancy is that ingre- 
dients to be milled are dampened with about four percent water which is 
absorbed on the surface of the charcoal particles. This model suggests that the 
four percent bulk water would make the charcoal hold 25% liquid saturated with 
potassium nitrate. 


The systematic study of the pyrochemical properties of charcoal using the 
methods of instrumental analysis is of relatively recent date’. The role which the 
parent hardwood plays in determining the characteristics of charcoal has been 
known empirically for centuries”: 


Alder buckthorn® is used in gunpowder for evenly burning fuses 
while alder is used where precise burning is not required. Alder 
buckthorn charcoal was found to have the lowest spontaneous 
ignition temperature and the highest porosity (as measured by 
mereury porosimetry) of the three charcoals and could be the 
most suitable charcoal] for gunpowder because of the ease of igni- 
tion. 


Charcoal is not pure carbon, but rather represents an undefined intermediary 
state between its organic origin and the clement carbon, retaining both hydrogen 
and oxygen. Because of this composition and its high absorption capability, it 
may contain as much as 6% water, black powder specifications allow, therefore, a 
maximum of 0.70% moisture. The equilibrium water content varies with the rel- 
ative humidity of the ambient air. At 90% RH, a weight gain approaching 2% 
may be measured, but at normal RH (20-60%), the equilibrium water content 
has been given as 0.2-0.6% and between 80 and 90% RH as 1.0-1.5%. This 
moisture problem can cause the deterioration of the powder and sometimes of its 
container under unfavorable conditions. Replacement of charcoal by a purer, 
non-cellular carbon made from sucrose (sugar) is the subject of a U.S. patent 
(U.S. 2,415,848, 1947). Powders made with such carbon sources are slower burn: 
ing than regular black powders. 


Charcoal is made by pyrolysis of vegetable matter in iron retorts. Its procure- 
ment specification should always state the content of volatile matter*”. The ques- 
tion of controlling the volatile content has been made the subject of a number of 
recent studies. The problem arises from the fact that the destructive distillation 
process is not autornated, but is performed with continuing monitoring by skilled 
operators; the optimum volatile content is encountered during the period of 
maximum decomposition rate”. 


Carbonaceous fuels often double as binders. Shellac was long the standard fuel 
for chlorate color compositions, sometimes doubling as a binder (it is soluble in 
alcohol and turpentine). It has mostly been replaced by accroides resin (red gum), 
which is cheaper, although more troublesome as a binder. Rosin and accroides 
resin also have better combustion properties with potassium perchlorate than 


* Rhamnus frangula Linn. 
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does shellac. Water-soluble binders (dextrins, gum arabic, casein and animal hide 
glue) have been discussed as essential ingredients of matches. 

The binder formerly most often specified for large military flare candles 
belongs to the class of unsaturated polyesters with added styrene. It is best 
known by the trade name of Laminac 4116 and is made by the American 
Cyanamid Company. Since the liquid resin is relatively low in viscosity, it offers 
the advantage that it may be added to the solid powder without any volatile sol- 
vent. The curing agent is 1-2% of methyl ethyl ketone peroxide in dimethyl 
phthalate (trade name Lupersol DDM) which converts the resin first into a gel 
state, and then by a strongly exothermic reaction into a hard solid. The reaction 
is accelerated by cobalt naphthenate. It is inhibited by air so that curing in thin 
layers may leave a tacky mass. Laminac is usually admixed as 4-9% of the formu- 
la weight, and some shrinkage is observed on curing. Notwithstanding its low 
viscosity, the incorporation with the metallic fuel can be somewhat difficult. The 
addition of a wetting agent such as polyoxy alkylene polyol (trade name Pluronic 
F-68) has been recommended. It is also possible to add more styrene as a diluent 
and this copolymerizing plastic monomer then becomes part of the solid resin. 
The practice has been to add some acetone or trichloroethylene whenever it 
appears desirable to facilitate distribution of the resin and to assure complete 
wetting of the metal powder. Ellern reports heats of polymerization of 130 cal/g 
of the monomer from which the temperature rise in the copolymerization mass 
can be estimated”. 

The binder system currently favored is epoxy based and will be explored in 
Chapter 17. An example is Epon 828, diluted with allyl glycidyl ether (AGE) 
which reduces the viscosity and about 8% diethylene-triamine (DETA) which is 
added as a cold curing agent. 

The plastic binders that are used in monomer or low molecular weight polymer 
form, and cured by additives, must be distinguished from fully polymerized syn- 
thetic resins, or from natural solid resins which require a solvent (eg., shellac). 
‘The exceptions are materials that flow under pressure. Gilsonite, a natural, pure 
asphalt, can be stored in a finely powdered state and is easily incorporated in a 
mixture, but will display good binding power on pelletizing. It tends to leave a 
gummy residue on molds and rams. 

Although they persist in fireworks compositions, the tendency in military prac- 
tice has been to avoid natural products. An exception is “limed rosin” or calcium 
tesinate which is found in such mixtures as tracer formulations. Of the synthetic 
resins that are found in pyrotechnic formule, polyvinyl acetate and polyvinyl 
chloride (the latter also a chlorine donor) deserve mention. Polyacrylic resins 
such as Hycar in methyl ethyl ketone have been used as well”. 

Shidlovskii’™ describes the use of Iditol, a lacquer-type condensate of phenol- 
formaldehyde. The Germans are said to have used Bakelite A in World War II in 
tracer munitions. No doubt, there are many more types of synthetic polymeric 
materials which are potential candidates, but few new compounds have made an 
appearance, probably because the need to abandon the established materials has 
not been sufficiently strong. The qualification of a new formulation is a lengthy 
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Table 16-1. Melting Points. and Boiling I Points of Oxides 


Oxide m.p. e °K b.p., eK 
Tho, 3470 4670 
MgO 3105 (s) 
Ho, 3060 
ZrO, 2970 4500 
CeO; 2870 
CaO 3200 3800 
BeO 2780 
SrO 2690 3270 
Cr,0, 2603 3280 
BaO 2286 3360 
ALO, 2327 =~3000 
TiO, 2143 3279 (d) 
B,O, 723 2338 


() = sublimes, (d) = = decomposes 


and costly matter, one which it is preferable to avoid. 

Substances that keep powdered materials in free-flowing condition — anticak~ 
ing agents ~ may be added to oxidizers used in pyrotechnics, especially potassium 
chlorate and potassium nitrate. For example, 3% magnesium carbonate is very 
effective in preventing agglomerations of these materials, Ground sulfur can be 
kept in a free flowing condition with as little as 0.04% of fumed silica such as 
Cab-O-Sil®, Zirconium salts have been recommended as anticaking ingredients 
for nitrates”. 


Magnesium 


Magnesium is onc of the most important fuels in pyrotechnic mixtures because 
it burns at high temperatures, assuring the vaporization and subsequent excita 
tion of emitting species generated from coloring additives. It is especially valued 
because it can produce colored flames with nitrates. The combustion mechanism 
of magnesium differs from that of other metallic fuels in that magnesium has a 
high vapor pressure (see Table 16-2) and a low melting point (923 K), and there- 
fore is easily ignited. Once ignited, it burns in the vapor phase so that the rate of 
combustion does not depend on the rate of diffusion of oxygen to the metallic 
surface as is the case, for instance, with titanium and aluminum. Consequently, 
the rate of combustion is not as dependent on the particle size.' Moreover, the 
oxide does not dissociate except at very high temperatures (see ‘Table 16-1), so 
that all of the heat of combustion goes into heating the solid and very little goes 
into dissociating the reaction product. Consequently, magnesium burns with a 


* Cabot Corp., Cab-O-Sil Division, 700 E. U.S. Hwy. 36, Tuscola, IL 61953. 
+ This is the reason that Mg g is rarely useful as a spark-producing fuel ~ a réle well played 
by Tiand Al. 
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Table 16-2. Vapor Pressures of Selected Elements” in Atmospheres 


“Temperature, °K Boron Aluminum ‘Titanium Magnesium 
300 4.3 x 10-8 26x40" 3.1 x 10% 5.3 x 10°” 
500 12x10 49 x10% 5.2 x10 5.3 x 10°” 

1000 9.2 x10 5.3 x10 14x 10% 16x 10° 
1300 3.0 x 107 §.2 x10" 0.581 
2000 6.7 x 10° 6.1 x 10°¢ 1.2 x 10% 

2500 0.255 

2600 14 x 10% 5.0 x 10% 


hot, luminous flame. With the addition of chlorine, the oxide forms the gaseous 
chloride which tends to make the flame transparent, making the bright colored 
effects - the candle power of which is dependent on magnesium ~ possible. 

Whereas aluminum is sensitive to alkaline media, magnesium is strongly 
attacked by acids. If hygroscopic ingredients are present together with magne- 
sium, it may be attacked by moisture. Magnesium is compatible with the nitrates 
of potassium, sodium, barium and strontium, and with potassium dichromate. 
Sodium bicarbonate and oxalate are corrosive, as is sulfur. The use of ammonium 
salts with magnesium is dangerous, and they must be protected by surface coat~ 
ing, as mentioned above. The presence of any moisture will initiate the redox 
reaction: 


Mg, + 2NH4' (aq) 2 Mg’ aq + 2NHagy + Hoy 


Protective coatings cflective in mixtures containing no ammonium salts include 
Jmseed oil, paraffin, and polyester resins. The standard treatment for magnesium 
to be used with ammonium salts is coating with potassium dichromate”. The 
toxicity and carcinogenicity of the dichromate ion should be borne in mind. 
Alenfelt’ has recommended an alternative surface treatment using ammonium 
metamolybdate and ammonium dihydrogen phosphate. 


Magnalium 


Magnatium i is the name for alloys of the two metals, magnesium and alu- 
minum. Such alloys are brittle and can be easily pulverized. The material most 
readily available to the pyrotechnist is a 50:50 alloy, with a melting point of 
730 K. It is more stable when mixed with oxidizers than is magnesium itself, but 
its relative hardness can present friction problems. 

Magnalrum tends to burn smoothly with potassium chlorate and perchlorate, 
with which compounds it may be used to produce excellent color effects, the 
compositions having a stability that would not be a property of an equivalent 
magnesium composition. Magnalium’s higher resistance to corrosion allows it to 
be added as a small percentage to a blue composition, producing the “magnesium 
blue” which eluded firework makers for so long. 
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When used with barium or strontium nitrate, or ammonium perchlorate, the 
mixtures can be adjusted to burn “vibrationally,” a reaction harnessed by 
pyrotechnists in the now-ubiquitous strobe effect. \t is also the key ingredient to 
the crackling effect, typically in combination with red lead and copper (IT) oxide 
(see Chapter 15). 


Phosphorus 


OF the four allotropic forms of phosphorus, white (or yellow), red, black, and 
violet, only the red is of value in modern pyrotechnics. Thermodynamically it is 
stable above 300° C and when heated below that temperature, it tends to revert 
to the yellow form. When pure it has no odor but when it is contaminated with 
yellow phosphorus, it acquires a characteristic garlicky smell. Shimizu reports 
that the safest process for purifying it is to wash it with hot water. When stored 
in large quantities the trace contamination will be oxidized in air, causing it to 
self-heat, possibly ese: alating to auto-ignition. Tt is used as an active ingredient 
with potassium chlorate in toy caps and in matches. Furthermore, red phospho 
rus is the principal smoke gencrating agent in all Navy marine location markers, 
Army smoke grenades and some other smoke generating devices. Much effort 
has been devoted to the reclamation of phosphorus from production scrap”. The 
references regarding the toxicity of red phosphorus are contradictory. It appears 
that red phosphorus, when pure, is not toxic, but that when contaminated with 
yellow phosphorus, it can be deadly. In any event, ingestion is ill-advised. Some 
of these precautionary remarks really seem quite silly, but one cannot ever be 
quite sure that the label “non-toxic” would not be taken to mean “edible.” 
Potassium Chlorate 

Potassium chlorate is now made by the electrolysis of potassium chloride with 
a graphite anode and a stect cathode. Alternately, chlorine can be made to react 
with slaked lime, yielding Ca(ClO,),, which is then reacted with potassium chlo- 
ride. Potassium chlorate is only slightly soluble in cold water and only moderate- 
ly soluble in hot water. It is not hygroscopic. Potassium chlorate powder, made by 
crushing the crystals, tends to cake much like potassium nitrate, but can be made 
free-flowing by the addition of anti-caking agents. Potassium chlorate is slightly 
shock-sensitive, even when pure. 

One important function of potassium chlorate in pyrotechnic compositions 
is to generate a high-temperature flame, the chlorine content of which is effec- 
tive in deepening the flame color by the formation of biatomic ions of the 
alkaline earth halides, as discussed more fully in Chapter 6, Furthermore, 
because chlorate requires very little heat* to initiate its decomposition, and does 


*'The i vitro decomposition of potassium chlorate should be well known to any chem- 
istry student, and proceeds into two stages, the first being a disproportionation reaction: 


2KC1Ogy PKCIO gs + KCly + Oxy T2268 °C (Merck) 
KClO gy 2KChy + 20x) T2400 °C (Merck) 


Catalysts, such as MnO, allow the complete decomposition of chlorate to chloride and 
oxygen to be accomplished as a smooth, continuous reaction. 
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so at a comparatively low temperature, its employment assures ease of ignition, 
making it useful in stars and other fireworks. 

Potassium chlorate-fuel mixtures tend to be sensitive to shock and friction, 
particularly if the mix contains red phosphorus, sulfur, realgar or antimony sul- 
fide. This property is exploited in stab primer and percussion primer composi- 
tions. These are discussed more fully in Chapter 12. The remarkable feat of safely 
combining potassium chlorate and red phosphorus in the safety match is 
described in Chapter 11. “Amorces,” or toy caps, contain small dabs of potassium 
chlorate and red phosphorus which are applied when moist. In contact with con- 
centrated sulfuric acid, a potassium chlorate and fuel mixture will ignite sponta~ 
neously. Other strong acids may produce the same effect, with varying degrees of 
delay. It is wise, when mixing large quantities of a chlorate composition, to add a 
small percentage of a basic salt (e.z., barium carbonate) as an acid neutralizer. 
Regardless of whether chlorate and sulfur (or phosphorus) mixtures are phleg- 
matized, they remain prohibited in the United Kingdom” for fireworks applica- 
tions, because the care taken in the assembly of the devices cannot be effectively 
monitored by the authorities. Revd. Lancaster“” discourages the use of asphal- 
tum or pitch as a fuel or binder in mixtures containing potassium chlorate on 
account of the possible sulfur content in the asphaltum. 

‘The decomposition of potassium chlorate is catalyzed by heavy metal oxides: 


2KCIO, > 2KCL + 30, 


‘The effect is one of lowering the temperature at which oxygen first appears and 
also of eliminating the intermediate formation of the perchlorate, which occurs 
when pure potassium chlorate is heated slowly. For catalytic purposes, ferric 
oxide and manganese dioxide as well as cobaltic and chromic oxides are most 
effective. Decomposition takes place between 275° C and 475° C. The decompo- 
sition of chlorate is used for the generation of respirable oxygen, but an undesir- 
able side reaction, i¢., the formation of clemental chlorine, must be suppressed. 
This can be accomplished by the addition of a few percent each of barium perox- 
ide and fine steel wool to the mixture”. 


Potassium Nitrate 


It is not possible to say when or where potassium nitrate (saltpeter) was discov- 
ered; classical Greek and Roman literature apparently does not mention the sub- 
stance. The Chinese are believed to have possessed it since at least 650 A.D., and 
the Arabs probably learned the method of preparing it from Oriental sources. 
Some confusion occurs because early references to nitre, vitpov, or (Azz) Mrpov 
may signify the carbonates of sodium and potassium, rather than the nitrates. 
In many places, nitrates occur naturally in the soil in low concentrations. They 
are formed by oxidation of ammonia, which is a common product of the decorm- 
position of organic matter. In a few cases relatively high nitrate concentrations 
may be found, as when ground water seeps through the walls of caves and evapo- 
rates to form a crust. Such crude or “grough” salepeter is still not pure enough for 
pyrotechnic use, and must be refined by repeated boiling and recrystallization to 
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remove chlorides, calcium nitrate and other impurities. Large-scale production of 
saltpeter was made possible by the use of potassium carbonate (potash) obtained 
from wood ashes. After hot-water extraction of nitrate-bearing carth, addition of 
potassium carbonate brings about a double-decomposition reaction, resulting in 
potassium nitrate and precipitates of calcium and magnesium carbonates. The 
liquid can then be filtered or decanted, and the clear portion evaporated until 
potassium nitrate crystals form. 

As the demand for gunpowder exploded, the naturally occurring sources of 
saltpeter soon became exhausted. Most European countries established nitre 
beds which imitated the natural conditions required for nitrification of organic 
matter. Such pits typically included lime as well as straw, dung, urine and other 
organic waste. After a suitable period of time, the earth from these pits could be 
extracted as described above. Due to the strategic importance of this industry, it 
paid well but was also subject to certain restrictions: in Prussia, for example, salt- 
peter boilers were forbidden to emigrate’’. Despite such precautions, by the 
cighteenth century, most nations had become dependent on East Indian salt- 
peter, a situation which continued through the middle of the nineteenth century. 
Discovery of large sodium nitrate deposits in Chile and Germany permitted less 
expensive production of saltpeter. Not long afterward came the process for oxi~ 
dizing ammonia to nitric acid, which is the source of practically all the nitrate 
oxidizers sold today. 

At the time of the American Civil War, the Union Army permitted no more 
than one part of chlorides in 12,000 parts of saltpeter to be used for rifle powder. 
Some high-grade sporting black powders contained as little as one part in 
60,000°". For most purposes, potassium nitrate is considered sufficiently pure if 
it contains less than 1/1000 of sodium or chlorides. 

Potassium nitrate is mexpensive, readily available and non-hygroscopic. The 
emission from potassium is weak in the visible part of the spectrum, but the 
nitrate is not a desirable ingredient m most colored Hames because of the large 
quantity of solid material produced on combustion. Because more energy is 
required to dissociate it, potassium nitrate does not produce as high a reaction 
temperature with a given fuel as do the chlorate and perchlorate. 


Potassium Perchlorate 


Potassium perchlorate, KCIO,, must be carefully distinguished from potassium 
chlorate, KCIO,. Misquotations happen easily and accidents can happen due to 
mislabeling or because of misreading of correct labels. Greater hazard and great 
reactivity are often erroneously imputed to compounds having the higher oxygen 
content, in this case, the perchlorate. As we have seen in the relevant section, 
chlorates are often more hazardous because of their lower heats of dissociation 
(which result in lower decomposition temperatures) and their lower melting 
points. The decomposition of chlorates is more easily catalyzed, and the instabil- 
ity of free chloric acid is another factor which may contribute to the greater reac- 
tivity and sensitivity of chlorates compared with perchlorates. 
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Potassium perchlorate is made by the electrolysis of sodium chlorate to sodium 
perchlorate, followed by the addition of potassium chloride which causes the 
minimally soluble potassium perchlorate to crystallize from the solution, It is a 
strong oxidizer at high temperatures, and is compatible with aluminum. With 
fine magnesium, it may be dangerous unless the magnesiurn is passivated with a 
dichromate treatment. Potassium perchlorate has some of the ability to deepen 
pyrotechnic flame colors that is seen with chlorates. Because of the need for 
greater ignitability characteristic of the chlorates, perchlorates are not as com- 
monly used in fireworks stars. They ave more commonly used in blue and purple 

compositions than in other colors, as the catalytic effect of copper compounds 
enhances the ignitability and burning rate. Potassium perchlorate is sensitized by 
red phosphorus, realgar, antimony trisulfide and sulfur, but not to the same 
extent as the chlorate. The reactivity is sufficient to make possible the use of per 
chlorates in report mixtures. The perchlorate is not as easily decomposed by acids 
as are chlorates. The catalysis of perchlorate reactions has been studied extensive- 
ly as part of propellant chemistry. 

Ellern™ reports the use of potassium perchlorate as an oxidizer for the genera- 
tion of sulfur dioxide without excessive heat output. This is accomplished by the 
admixture of cupric sulfate to a sulfur/perchlorate mixture, taking advantage of 
the endothermic nature of the sulfate reduction: 


28+ KCIO,- 280, + KCl AH = +1425 kcal/mol 
28+ CuSO, 280, + CuS AH = — 305 kcal/mol 


Such sulfur dioxide candles can be used as a fungicide, in gopher bombs (but 
see p. 328), or for the destruction of wasp nests. 


Sulfur 


Sulfur and other easily volatilized materials enhance the ignitability of 
pyrotechnic compositions. Sulfur lowers the ignition temperature, but because 
most of the reaction products are volatile, it lowers the heat of combustion. 

When raw sulfur is melted for purification, it solidifies on cooling and becomes 
a crystalline solid, completely soluble in carbon disulfide. After grinding, such 
sulfur flour is the type used in most pyrotechnic compositions. On. the other 
hand, if sulfur vapor is chilled to solidify directly from the gaseous state, a fine 
powder is obtained consisting of various molecular aggregates, part of which are 
insoluble in carbon disulfide. This is called “fowers” of sulfur and it always con- 
tains some acid. When used in pyrotechnic compositions, it may impart instabili- 
ty and for this reason should be avoided. Flowers of sulfur is commonly used in 
agriculture as a fungicide, as a therapeutic agent, and for fumigation. Its ready 
availability may cause it to be used inadvertently. 

Sulfur may function as fuel or oxidizer, as can its analogs selenium and telluri- 
um. Selenium and tellurium are not used in commercial or military pyrotechnics, 
partly because both are toxic and partly because in the case of tellurium in partic- 
ular, ingestion of even minute quantities is accompanied by a foul odor on the 
breath. 
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‘Table 16-3. Comparison of Some Properties of 
‘Titanium, Zirconium, and Hafnium 


Property ‘Titanium Zirconium Hafnium 
Atomic Number 22 40 72 
Atomic Weight 47.90 91.22 178.49 
Specific Gravity 4.54 645 13.09 
‘Transformation ‘Temperature 

from HCP to BCC °K 1155 1143 2013 
Melting Point, °K 1943 2125 2500 
Boiling Point, °K 3562 4688 4876 
Melting Point of the Oxide, °K 2143 2950 3063 
Boiling Point of the Oxide, °K 4900 5300 5500 
Metal Temperature at 

Pressure of 107 Pa, °K 1827 2424 2470 
Heat of Formation of the 

Oxide, kJ/mole, 298 K ~945.2 -1094.6 ~1113.7 


* HCP = Hexagonal close packed 
BCC = Bodycentered Cubic 


‘Titaniom, Zirconium and Hafnium 


These three transition elements have so much in common that they may be 
considered together. They have gained in popularity in pyrotechnic formulations 
requiring the highest reliability, such as first fires, igniters and flare compositions. 
The metals combine high stability (22, low aging tendency) with great case of 
ignitability.” >’ They are high im heat output, burn with long duration hot 
sparks (see the comments on pyrophoricity in Chapter 10) and for this reason, 
display excellent fire transfer properties. In fireworks, stars and salutes containing 
titanium are now common. 

The metals are prepared by the chlorination of their silicates (e.g, zircon) or 
the oxides (e.g, rutile), followed by magnesium or sodium reduction (Kroll 
process). The product, metal “sponge,” may be used directly for pyrotechnic 
applications after crushing and screening. Alternately, the sponge may be Aydrid- 
ed causing it to become particularly frangible, facilitating the crushing operation. 
After screening, the resulting hydride can be used as a pyrotechnic fuel or recon~ 
verted into the metal by heating in vacuum furnaces. The latter type of product 
can be pyrophoric and requires great care in handling. 

Titanium is now commonly produced as a high-strength structural metal, 
commonly used in aircraft. Zirconium can be produced economically from 
domestic sources only as a byproduct of titanium production. Australia is the 
largest producer of zircon, which is used as a recoverable foundry sand. The 
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Table 16-4. Hazard Ranges of Zirconium Particles” 


Classification Range of Particle Sizes Ignition Characteristics 
Minimum Maximum 
Fine Powder <0.01 mm Easily Ignitable 
Fine Powder >O0limm <0.85 mm Ignitable with high- 
temperature spark 
Fine Chips >O085 mm <1.36mm Flame Required 
Coarse Chips > 1.36 mm Burns only with difficulty 


when hot 


demand for zirconium (a corrosion resistant component in nuclear reactors) has 
not kept pace in the last decade with the production capacity, mainly because of 
the unforeseen drop in demand for nuclear grade (hafnium-free) zirconium. 
Because the production of hafnium (which has 44-fold greater neutron capture 
cross section than does zirconium) is directly tied to the production of reactor 
grade zirconium, the supply of hafnium has decreased. ‘The situation is reversed 
for titanium, for which the demand has significantly increased in recent years. 
Consequently, titanium sponge price has increased faster than that of zirconium. 
Je is expected that the relative price level of zirconium will continue to fluctuate 
widely, affecting its choice for some pyrotechnic or incendiary applications. At 
the same time, the availability of high purity, and smaller particle, material of 
reasonable price has very much improved in the last decade. Whereas historically, 
the adjusted peice for the ore and the metal has been sharply downward, we can 
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expect that the price of the metal will continue to be influenced by the cost of 
electric power. 

Few data on the handling and ignition characteristics of hafnium powder have 
been obtained, and one may assume that they resemble those of zirconium. The 
hazards of handling and storing zirconium scrap frequently outweigh any savings 
to be gained by salvaging it. Such material is best disposed of by burning. Dis- 
posal of old or waste zirconium powder, which is packed either wet or dry in 
closed containers, presents additional hazards when attempts are made to open 
the containers. Particularly risky is the “digging” out of zirconium which may 
have settled. Whereas it is considered a safe practice to douse or flood zirconium 
“fines” with at least five times its weight of water, once the zirconium has settled 
and caked, one cannot really assume that the metal is still in contact with excess 
water. In this case the safest procedure is to burn the scrap. If this is not practical, 
an attempt can be made to dislodge the cake by prolonged tumbling of the con- 
tainers. When zirconium is wetted with water, an oxide layer (see below) is 
formed, which protects the particles from further oxidation, Unless the water is 
present in excess, the initial heat may be sufficient to boil off the moisture locally 
and so trigger a run-away reaction. 

Commercially-procured zirconium is frequently non-pyrophoric. This apparent 
inertness is due to partial hydride formation through contact with the ambient 
humidity. Such powders can be activated by gentle heating i vacuo at about 
200° C. Care must be taken to allow all metal powders which have been so treat- 
ed to cool to room temperature before further handling is attempted. Zirconium 
powder, for example, may be so reactive as to require storage in an inert atmos- 
phere (but not nitrogen, with which it reacts to form the nitride). 

The literature on zirconium combustion is extensive. When the burn time of 
the particles is plotted versus the particle diameter on log-log paper, a straight 
line of gradient 1 is observed for particles below 20 pm, and - gradient 2 for 
larger particles. A gradient of 1 is said to describe a “cubic” rate law (Ze. one for 
which the burn rate is proportional to the particle size) and which i is deemed to 
be kinetically controlled. A gradient of 2 describes a “parabolic” rate law, one 
which is diffusion controlled”. 

None of these metals is toxic. Titannim is not considered hazardous to handle, 
although ordinary care should be taken to prevent dust explosions when han- 
dling the commonly available 1-5 jum finely divided grades. Numerous instances 
of spontancous ignitions of zirconium powder in both open and sealed drums 
have been reported, Zirconium powder handling or processing operations such as 
grinding, washing, drying, screening, weighing, blending, etc., should be con- 
ducted under an mert atmosphere; nitrogen is not useful as noted previously. 
Likewise, containers should be electrically conductive, avoiding the use of glass 
or plastic jars. 

The linear log-log plots of the reaction rate (measured by oxygen consump- 
tion) versus time often show discontinuities, or an increase in reactivity. It is pos- 
tulated that this rate change is associated with a phase transformation in the pro- 
tective film. The mitial film formed on zirconium is the cubic polymorph of 
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zirconium dioxide. When certain alloying elements are added which are soluble 
in alpha zirconium, the oxidation film consists of the metal oxide dispersed in the 
cubic zirconia. When the ionic radius of the additive differs greatly aa that of 
zirconium, it may form a separate phase rather than be soluble. In this case, 
inclusion of foreign metal oxides within the zirconia may interfere with the 
adhesion of the oxide film and so increase the oxidation rate. Examples of ele 
ments which enhance the reactivity are Ti, Sn, Pb, Nb, Si, Pt, V, Mo, U, C and B. 
In general, elements which stabilize the beta phase (i.¢, cause the BCC phase to 
be stable below the transformation temperature) tend to reduce reactivity. Exam- 
ples are Co, Cu, Ni and Fe. Some of these speculations may appear to be 
removed from the subject of pyrotechnics, but insights gained in the solution of 
this problem may aid in improving the reactivity of pyrotechnic components. 
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Generation of Light 


Principles of Radiometry and Photometry 


Distinctive light effects have been one of the chief aims of pyrotechnists 
throughout history. Development of new techniques and the availability of new 
chemicals have greatly improved pyrotechnic light production for military uses as 
well as for fireworks. By ‘light’ we understand not only the narrow spectral range 
of radiation that constitutes visible light (400-780 nm wavelength) but also the 
adjoining portions of the spectrum, ultraviolet (UV) and ~ even more important- 
ly ~ infrared (IR). Sensing devices that respond to invisible wavelength emissions 
make it possible to utilize such radiation from a flare for a variety of tactical uses 
(Photo 17-1). 

Our discussion of electromagnetic radiation starts with the concept of a “black 
body.” A black body radiates energy in proportion to the fourth power of the 
absolute temperature. An emitter of visible light benefits twofold from an 
increase in temperature: the total amount of radiant energy output rises exponen- 
tially and the peak of the output function is shifted to shorter wavelength emis- 
sion. 

Table 17-1 lists the subjective color impressions from heated solids and their 
corresponding temperatures, but as will be shown, such impressions are not a 
reliable indication of the ‘true, ie, black body temperature, because radiant 
emission depends on emissivity, and because under certain surface conditions, the 
spectral temperature can be very far removed from the black body temperature. 


‘Table 17-1. Visual Temperature Phenomena 
Temp.,°C Subjective Color Melting Point of Various Materials, °C 


480 Faint red glow 7anc 419 

500- 650 Dark Red Antimony 630 
650- 800 Increasingly Red Aluminum 660 
800 - 1000 Bright salmon red Silver 961 
1000-1200 Orange to yellow Gold, copper 1063; 1083 
1200-2500 White Nickel, platinum 1453; 1769 
2500 - 3000 Dazaling white Tridium, tungsten 2430; 3400 
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Before we enter the area of actual observation of radiant energy from flames, 
we must realize that the black body model is a very crude one at best. The first 
refinement is the concept of a grey body which emits energy in the same propor 
tion as does a black body, but reduced by a constant fraction, viz., the “emissivi- 
ty,” which is assumed to be independent of temperature. This model i is an impor- 
tant one in that it permits the use of pyrometers and other types of radiometers 
for the determination of temperature from the radiant heat or light output. 
Another important exception to the black body arises from the fact that certain 
surfaces, especially those of refractory oxides, emit greater fractions of the total 
energy within discrete spectral ranges than one would expect on the basis of the 
temperature alone. This phenomenon i is termed “luminescence”. The various 
spectroscopic and physical units are tabulated in Table 17-2 as defined by the 
Tluminating Engineering Society of North America®. Some recommend that 
the English units and the older units dealing with “candlepower” be abandoned 
completely. ‘Table 17-3 lists some conversion factors. 

Tt may be helpful to see the units incorporated in an illustrative example. This 
one is based on Douda’s data® from whose paper the test conditions and findings 
have also been obtained. The object of the experiment had been to explore the 
mechanism responsible for the large luminous efficacy of the magnesium/sodium 
nitrate illuminating flare. The test flares were composed of a mixture of 57% 
magnesium, 38.5% sodium nitrate and 4.5% polyester binder. A mass of 6.1 kg 
was compressed into a 10.9 cm diameter by 40 cm long cylinder which burnt 
cigarette-fashion for about 190 seconds with a fame 1.2 m long and 0.75 m 
diameter. The spectra] radiant energy measurements were performed by focusing 
the radiation on a rapid scanning spectrometer. To estimate the spectral radiant 
energy, the image of the flame was reduced to the size of the monochromator 
slits. A mask defined the area over which the radiant energy was measured, 
Because the distance between the flame and the spectrometer was large (44 m) 
the radiant flux density was computed using an inverse-square distance relation- 
ship. 

The problem of relating the true flame area to the observed flame area by pho- 
tography was examined in detail by Blunt! who used narrow band filters and 
photographic film having multiple speeds in an attempt to quantify the radiant 
energy. He found that photographic methods are fraught with difficulty because 
the radiant intensity of flares depends on the electron excitation (a function of 
Seo stoichiometry, and the location of the flame region under investigation) 
and on the depth and size of the flame. For this reason, Douda®**’ and Dill lehay a 
have relied on radiometry for their studies of flare flames. When the sodium in 
the flare composition is replaced with other alkali metals (as for infrared illumi- 
nation’”), the flames appear to be smaller, but as compared to a sodium flare, 
they produce almost twice as much energy in the infrared region”. Therefore, 
flame studies by photography require a film sensitive to the spectral range of 
interest. Blunt” attempted to find a relationship between radiant energy, burning 
rates, flame area and luminous exitance, but did not succeed. His reports do not 
include the flare compositions except for an early study” which dealt with the 
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"Table 17-2. Standard and Defining Equations for 


Fundamental Radiometric and Photometric Quantities'* 


Quantity Symbol Defining Equation Units 
Radiometric units 
Radiant Energy ez Qe) J 
. aQ j 
Radiant Energy Density = w w= ay m 
d 
Radiant Flux ®, P= Q Ww 
dt 
Radi ¢ Density 
ed wy ae M M= 4® leaving a w 
adiant Exirance A. =" 7A surface = 
‘ , dp arriving on Ww 
Trradiance E, E= A A a surface es 
db Ww 
Radiant Intensi 1 = 
adiant Intensity I, To ES 


where w = solid angle through which flux from point source is radiated (steradian) 


a ae Ww 
dex (dAcos¢) sim? 
where 6 = angle between line of sight and normal to surface considered 


Radiance Le 


Photometric untts 


Luminous Energy Q. Se f Kay QL. Ada Im-s 


asd aQ. a 


Luminous Energy Density w, ; : 
ay m 


w= 72 im 


Luminous Flux &, Vor ae 
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‘Table 17-2. Standard and Defining Equations for 
Fundamental Radiometric and Photometric Quantities’ (continued) 


Quantity Symbol Defining Equation Units 


Luminous Flux Density 


aD See ly 

Luminous Exitance M, M= - A ee 4 o 

é dP_— arriving on Im 

Hhuminance Ey E= d A 3 Surface oa? 
2 = aD 

Luminous Intensity L l= 2" ed 
do 


where @ = solid angle through which flux from a point source is radiated 


_ @&@eD cd 
des (dAcos@} m 


where 6 = angle between line of sight and normal to surface considered 


Luminance L, 


Im 


® 
Luminous Efficacy K K= o Ww 
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Table 17-3. Iuminance Conversion Factors‘*® 

1 lumen = 0.001464 W/lm Ratio between radiant and luminous 
flux at the wavelength of maximum 
luminous efficacy. 


Liumen-hoer = 60 lumen-minutes 
1 footcandle = 1 lumen per square foot 
lwatt-second = LJoule = 10° ergs 
1 phot = 1lm/em* 
Thx == 1 im/m 
footcandle — lox phot milliphot 
footeandle i 0.0929 929 0.929 
lux 10.76 i 10,000 10 
phot 0.00108 68.0001 1 0.001 


milliphot 1.076 0.1 1000 1 


spectra of flames from the reaction of alkali and alkaline earth perchlorates with 
magnesium, aluminum and boron. For a comparison of the radiant flux spectra of 
sodium and potassium flares as function of pressure, the reader is directed to a 
seport by Douda™. Blunt™ has determined the radiant output as function of pres- 
sure for a sodium nitrate flare to be as follows: 


T = 1.84 P*° W/sr 
@ = 46 x 10° P®* W for P in Pa 


Whereas this observed reduction of radiant flux with altitude is a well known 
phenomenon, the ratio of visible radiation to total radiation increases wi th ala- 
tude (i.¢., is shifted to the shorter wavelength) because the fraction of luminous 
flux from the excited sodium atoms increases, and the benefit of non-stoichio~ 
metric (fuel-rich) compositions decreases. 

In Douda’s studies, the total radiant energy was obtained by integration of the 
measured output over the wavelength range, and was found to be 110” J. The 
luminous energy was obtained by multiplying the output by the luminous effica- 
cy of 630 lm/W* and found to be 2.8 x 10° Im-s, 

The enthalpy of the flare reaction lies between 8.4 x 10° and 1.3 * 10° /g 
where the lower limit is for the stoichiometric reaction: 


6 Mg + 2 NaNO, — 6 MgO + 2. Na + N, 


and where the upper limit includes the augmentation due to the admixture of air. 


* The so-called “mechanical equivalent of light” at the wavelength of maximum lumi- 
nous efficacy. This value must also be corrected by the C.LE luminous efficiency func- 
tion over the wavelength range of interest. 
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‘Table 17-4, Luminance and Luminous Efficacy 
ofa True Black Body at High Temperatures 


‘Temperature, °K Luminance, cd/m? Luminous Efficacy, lm/W 

1600 az 02 
2000 44 LS 
2200 130 3.3 
2400 350 6.6 
2600 779 94 
2800 4,552 13.9 
3000 2,872 19.2 
3500 9,432 34.7 
4000 23,400 50.3 
5000 84,100 74 


‘Therefore, the total energy liberated is 7.4 X 10’ J during the 190 s burning 
period. By comparing this value with the measured output in radiant energy of 
1.0 x 10" J we conclude that =15% of the total flare energy is radiated by the res- 
onance line continuum. Dividing the luminous energy by the buming time, we 
obtain the luminous power of 14.6 10° lm; likewise, the total power dissipated 
by the flare is 3.9 x 10° W. These values translate into a luminous efficacy of 37 
lm/W at a flare temperature of approximately 3000 K* (see C hapter 7). Table 17- 
4 shows that the luminous efficacy of a black body at 3000 K is less, namely 
about 19.2 lm/W. Douda* has shown that this augmented luminous power can 
be accounted for by radiative transfer of emission from the sodium resonance 
line, and that there are corresponding regions of lower emissivity at longer wave- 
lengths. This means that the sodium flare (and, as we shall see, other alkali metal 
flares) derives the main portion of its luminous power from a broadening of the 
resonance line, a phenomenon which is a function both of pressure and tempera~ 
ture. 


‘The Mechanism of Illumination by Flares 


A secent dissertation by Dillehay® has extended Douda’s work on sodium flares 
to those containing other alkali metals, and moreover has placed Douda’s work 
on a broader phenomenological base. Dillehay’s model took into account the 
effects of stoichiometry, admixture of air, heat loss along the flame axis and the 
effects of altitude (pressure). His findings are summarized as follows: 

As the fuel and oxidizer react, the combustion products are 
expelled from the surface and form a gaseous volume that radi- 


* Other parameters of interest are computed as follows: the gravimetric haninous energy, 
obtained by dividing the luminous energy by the mass of material reacted, lm-s/g, and by 
dividing by 2x obtain it in candelas (umens per steradian): cd-s/; g, and to obtain the 
haminous exitance of the flame in lux, (im/m’), divide the luminous flux (lumens) by the 
superficial flame surface. 
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ates both line spectra and a continuum due in part to radiative 
transfer broadening and in part to greybody emission from the 
solid particles in the plume. The burning rate of the composition 
can be optimized by tailoring the particle size of the magnesium 
fuel. 1f the rate is less than optimum, heat losses will be excessive 
and a low light integral will be recorded. Uf the rate is too high, 
material will pass the reaction zone too fast for attainment of 
equilibrium and material will be lost to the reaction and so result 
in a low light integral as well. As the flare formulation is adjusted 
to be fuel rich, the excess fuel reacts with air and the reaction 
proceeds further along the plume axis to give a longer plume. 

‘The plume length is also a function of altitude in that at reduced 
pressure, the plume expands along the axis resulting in a longer 
plume. Likewise, the length of the plume increases with increase 
in flare diameter because it takes longer for the plume to mix 
with the air. 


Whuminating Flares 


The visible spectra of red, green and yellow flares used by the Navy were pub~ 
lished by Webster™*. Measurements of the dominant wavelength, purity and 
luminous flux were made with a tristimulus colorimeter. The composition of 
these flares is shown in Table 17-5. 

The opposite effect, namely low luminous output in the visible region, is 
achieved using organic fluorine compounds such as polytetrafluoroethylene as 
oxidizers. These compositions, as well as those containing alkali metals other 
than sodium, are of use as ilhuminants when the terrain is viewed with infrared 
detectors. Table 17-6 lists the compositions of various near infrared flare compo- 
sitions'’. Infrared detectors take advantage of the fact that natural ground cover 
is a particularly good reflector in the infrared region,’® whereas man-made but 
camouflaged objects become visible by contrast. A special type of flare is the 
thermal decoy which has a strong emission in the infrared range. Decoys may 
utilize the magnesium-fluorocarbon reaction to form hot carbon particles as the 


Table 17-5 Naty Bland Compositions’* 
Red Green _ Yellow 


M agnesium 24.4 21.0 30.3 
Potassium per chlorate 20.5 32.5 21.0 
Strontium nitrate 34.7 = - 
Barium nitrate 22.5 20.0 
Polyvinyl chloride 11.4 12.0 

Sodium oxalate - % 19.8 
Copper powder . 70 
Asphalram 9.0 - 3.9 
Laminac - 5.0 5.0 
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‘Table 17-6. Near Infrared Flare Formula” 


Component 760 nm 790 nm 800-900 nm 
Silicon 10 10 16.3 
Potasstum mitrate 70 : . 
Crestum nitrate - - 78.7 
Rubidium nitrate - 60.8 - 
Hexamethylene tetramine 16 23.2 

Epoxy resin 4 6 5 


source of radiant energy. Table 17-7 lists the equilibrium composition of such a 
magnesium-fluorocarbon reaction at 1200 K®*, 

Pyrotechnic light production has two military purposes: ilhimination and 
recognition. Illumination for photographic purposes is best achieved by very 
brief high-intensity flashes of light. Signalling by white light, while inyportant in 
certain spotting charges, is less common than signalling with colored flames, 
while the use of white and colored light for amusement is of importance in fire- 
works. 

High-intensity, long-burning white parachute flare candles are used to illumi- 
nate large areas of ground for the purpose of target illumination, illumination of 
combat areas, as anti-infilrration devices or in aiding in emergency landings of 
aircraft. 

The light of a full moon on a clear night approaches an illuminance on the 
ground of 0.26 lm/m’ which may be considered to be the minimum useful light 
intensity for military operations, whereas an intensity one order of magnitude 
greater is usually thought necessary for night operations. ‘To achieve this level of 
illuminance, 1 to 2 million cd are required for 2 to 3 minutes. This requirement is 
met by air-dropped flares as well as by smaller devices, such as those launched 
from howitzers or mortars, which are designed to operate at alticudes less than 
2000 meters. 


Castable Flare [uminants 


Much of the development of castable candle compositions dates from the 
1960s’ and therefore can hardly be considered new or recent, but represents in 
many ways the state of the art. Typical design, composition and performance 
characteristics of such a flare are as follows: 


‘Table 17-7. Equilibrium Composition of 
Magnesium-F luorocarbon Reaction Products (mole fractions) 


Cy 0.45316 CF 0.00755 C, 0.00485 
MeF 0.03023 F 0.03197 CN 0.00224 
CF, 0.00206 CN 0.00118 N, 0.01115 
MgF, 0.44743 Cc 9.90078 


Note: Adiabatic reaction temperature 3400 K. Trace species are not listed. 
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Table 17-8. Tamp-Cast [luminating Flare‘ 


Carboxyl terminated polyester binder 7.4 
“poxy curl 15 
Magnesium, 50/200 mesh, HF passivated 61 
Sodium nitrate, 42-62 mesh 10 
60pm average particle size 10 
5pm average particle size 10 
Iron linoleate (catalyst) i 
Length 76cm 
Density 1.5 g/em3 
Weight 76 kg 
Luminous intensity 18x10 cd 
Gravimetric luminous energy 46x10" Im-s/g 
Burn rate 0.23 cm/s 


Advantages are seen in improved light output and greater safety due to the 
automated 1 nature of the casting process. Even though many manufacturing steps 
are automated, the total operation continues to be quite labor intensive. TI 
because lot sizes, while typically numbering in the thousands, are still not sufhi- 
ciently large to justify the use of robotic equipment. The performance testing of 
candles in terms of safety and reproducibility owes much to the techniques 
developed in solid propellant studies“. Hence, test parameters are obtained from 
standard JANAF or ASTM dog bone tensile specimens, or where applicable, 
from lap shear specimens, for the determination of modulus and stram parame- 
ters. Burning rate characterization, by contrast, is always performed on an entire 
flare. 

A specific study of castable material for flares was performed by Waite and 
Asikawa’?" using sodium perchlorate as the oxidizer. Commercial polyester 
resins generally were found to contain styrene and therefore were low in oxygen 
content. Desirable binder properties include a minimal carbon content to reduce 
the formation of elemental carbon in the plume, and that the binder be castable 
and polymerizable at room temperatures. As the amount of binder is increased, 
especially the amount of carbon, the gravimetric luminous energy is decreased. 


is 


Safety in Flare Manufacture 


‘The manufacture of magnesium flares or candles is among the most hazardous 
in. pyrotechnic practice. Consequently, the operations are conducted with rela- 
tively small numbers of devices resulting in a highly labor-intensive operation. If 
the materials are mixed in such a manner that fuel and oxidizer come into con- 
tact before at least one of them has been thoroughly admixed with liquid binder, 
the hazard of ignition by friction or by static discharge is greatly increased. For 
this reason the preferred sequence of mixing is to combine the metal powder and 
the binder first, diluted sometimes with a volatile solvent such as acetone or 
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methyl ethyl ketone. The older literature mentions trichloroethane but the cur- 
rent trend of blaming half the world’s ills on chlorinated hydrocarbons has prob- 
ably made this practice a thing of the past. Whereas at one time the last step in 
the pressing operation consisted of prfessing first fire onto the mixture, the cur- 
rent practice is to paint it as a slurry onto the exposed surface. 

During development of new formulations and during test burns, as part of the 
quality control procedure, particular attention is paid to any tendency toward 
grain cracking or grain-case separations as these may lead to explosions. Because 
complete control over all conditions in and around mixing installations is not 
attainable, potential damage is limited by shielding and barricading. Complete 
automation, in terms of the use of robots, is conceivable but at present is not eco- 
nomically feasible because of the small lot sizes. 


Photoflash and Flashbulbs 


Loose powder mixtures of fuels and oxidizers can react with explosive force, 
Because the entire process may take place in milliseconds, the luminous intensity 
from such events is very high, on the order of 10° cd, with luminous energies on 
the order of 10 to 30 X 10° Im-s. This phenomenon is relied upon for the illumi- 
nation of the ground at long distances and over large areas for the purpose of 
photographic reconnaissance. Photoflash powders are loose mixtures of pow- 
dered oxidizers such as barium nitrate and potassium perchlorate with metallic 
fuels such as faked aluminum. They can be initiated with a centrally placed 
explosive charge. Photoflash compositions containing hafnium, cerium, titanium 
and zirconium with potassium perchlorate have been studied in Australia,’™ but 
otherwise little research has been performed in this area for more than twenty 
years, and photoflash bombs are becoming a thing of the past. The RF4 recon- 
naissance aircraft and some old Navy planes were the last to have dispensers to 
launch photoflash cartridges. They are now all out of inventory and in mothballs. 
Hence, photoflash iterns are not in use by United States armed forces; M112, 
Mi12A1, M123, and M123A1 photoflash cartridges and M120 and M120A1 
photoflash bombs are now in an obsolete category, and those that are left are 
awaiting disposal. There are no plans to develop replacements. 

Until recently, photoflash bulbs were a device of major importance in photog- 
raphy. There were two kinds: one which consisted of fine aluminum or zirconium 
ribbon within a glass bulb containing oxygen at reduced pressure, the flash being 
set off electrically; the other, pyrotechnically-actuated flash cubes. The mecha- 
nism was as follows (US Patents 3,535,063, 3,540,913 and 3,674,411). An initi- 
ating composition was coated on a wire which was centered in the cube, the wire 
acting as an anvil for a percussion initiating action. When the picture was taken, 
the shutter button pushed up the flashcube pin which lifted a torsion spring from 
its latch so that its free end struck the initiating composition. A typical mixture 
contained approximately equal quantities of boron, zirconium, red phosphorus 
and potassium chlorate. During the combustion of zirconium, 1700 Im-s/cm’ axe 
emitted when burned in an atmosphere of oxygen, which is 1.7 times the lumi- 
nous energy density of aluminum. In theory, the performance of hafnium would 
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have been even better owing to the high stability of hafnium oxide at lower pres- 
sures, 


Production of White Light 
General Remarks 


Pyrotechnic light production has two purposes: illumination and recognition. 
In other words, it is important either to light up an object or an area to make it 
visible to the eye or to a camera; or it is desired to see or scan by instrument the 
light source itself as a signal and, in the case of fireworks, as an xsthetic design of 
light. 

The major part of this discussion will be devoted to high intensity, long-burn- 
ing white parachute flare candles, which are used to illuminate large areas of the 
ground for the purpose of showing bomb targets and bomb damage at night, 
illuminating combat areas, acting as anti-infiltration devices, or aiding i in emer- 
gency landings of aircraft. Points treated will be the optical requirements, types 
of hardware, chemistry of compositions, and techniques and allied problems of 
manufacture, 


Optical Considerations 


Uf we restrict our requirements to the (geometrically) normal aspect of light to 
target, not involving the cosine law with regard to hilly ground or angle of light 
to ground, the required luminous flux density, assuming identical atmospheric 
conditions, will depend on the height of the flare above the target. Since a para- 
chute flare descends, but renders in normal practice a fixed light output during its 
burning, the most unfavorable — 2.2, highest — point of the flare above the ground 
determines the minimum output needed. For the minimum illumination 
required (0.27 lm/m/), a flare of 1 million candelas will satisfy this requirement 
from an altitude of 1300 m and for a 1700 m operational radius. After a drop of 
600 m, the optimum radii would be 1300 m for 0.5 cd and 850 m for 1 cd. More 
details on formule and charts for illumination can be found in a Picatinny 
report’, 

The gist of this thumbnail sketch is that a luminous intensity of one or two 
rnillion cd over a burning time of 2 to 3 minutes is needed for many operations. 
Air-dropped parachute flares of this size exist, as described below, as do smaller 
less powerful units. 


Chemistry of Hluminants 
Based on theoretical considerations, we may postulate that a flare of superior 


white light output should have the following characteristics: 


1. The major fuel-oxidizer reaction should produce the highest possible heat 
output per unit volume of compressed composition; 
2. The heat of combustion in air of excess fuel should be high; 
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3. The melting and boiling points of the products of reaction should be high 
and their decomposition temperatures should lie above their boiling points; 

4. ‘The solid refractory main product (oxide) should disperse readily in air. No 
sintering of particles should occur near the reaction zone; 

5. Volatile reaction products or by-products should be present in sufficient quan 
tity to carry away the reaction products from the reaction zone, but ingredi- 
ents that tend to convert refractory products into vapor should be absent; 

6, Emission characteristics should be optimal for the visible part of the spectrum 
and luminescent phenomena must contribute to maximum emission of visible 
radiation. 


Of all metal fuels investigated so far, magnesium best fulfills the rdle of the 
principal emitting source. It vaporizes in the reaction zone. Aluminum is less 
effective, though its caloric output is slightly higher than that of magnesiurn. 
Fine particles such as flake aluminum burn with great brilliance as do titanium, 
zirconium, cerium, uranium, and their hydrides. However, such particles tend 
to burn in the solid phase without evidence of vaporization. Vapor phase oxida- 
tion of aluminum can only take place at a temperature near its boiling point 
(2327° C), which is about 1200° C higher than that of magnesium (1105° C). 
When aluminum is preheated to 400° C, oxidation is continuous and 81-99% 
complete, while non-preheated system reacts in a pulsating manner as aluminum 
vapor periodically breaks through the oxide film covering the droplets of metal, 
leading to only 37-56% completion of the reaction. It may be mentioned that 
while powdered magnesium burns completely and in the vapor phase, as evi 
denced from its ash and flame formation, a burning magnesium ribbon will leave 
as much as 18% of unburned metal in the part of the ash that is sintered. 

Since reaction products surround the Aarne as dense white smoke, a complex 
relation exists between srnoke formation and light production. At the present 
state of the art, a superior white-light source cannot function without the pres- 
ence of white smoke from magnesium oxide and other oxides (formed from 
nitrates). By reflection of the light, such smoke can have some beneficial effect, 
but of course it will be detrimental to illumination. The position of the flame, the 
ambient air currents, and the convective draft from the heat of the reaction com- 
bine to keep the flame visible or to obscure it. However, it has been indicated 
from theoretical consideration that the magnesium oxide within the flame itself 
is not opaque to visible radiation. 

The choice oxidizer for high-energy white Mares is sodium nitrate. It fulfills 
several important functions: the reaction with magnesium forms magnesium 
oxide; the heat of reaction per grarn of components is high because of the high 
oxygen content of the nitrate and the low equivalent weight of the sodium; and 
the sodium exhibits luminescent properties that add significantly to the useful 
light production. 

In older formulations, barium nitrate appears as the oxidant but with sodium 
oxalate added. Light output and other pertinent data for experimental flares con 
taining both sodium and strontium nitrates in varying proportions have been the 
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object of much study. White light is sometimes produced with barium nitrate to 
which is a much smaller percentage of strontium nitrate is added in order to neu- 
tralize any appearance of color. Lower-energy white lights, especially for fire- 
works, may also use potassium nitrate or chlorate. 

Binders are added to the fuel/oxidizer mixtures to aid as internal lubricants 
while in liquid state during the compacting phase. Small additions of castor oil, 
linseed oil, or paraffin wax can be used. Shellac, rosin and other natural resins, 
resinates, stearic acid, or dextrin are found in many formule, especially for small 
items and fireworks. In large flare candles, materials of strong binding force, 
which solidify and bind by catalytic action without external heating, are now the 
preferred binders. The ones most often specified belong to the class of alkyd 
resins and are unsaturated polyesters that contain copolymerizing styrene 
monomer. The best known in pyrotechnic practice are manufactured by the 
American Cyanamid Company under the trade name Laminac. Other cold-cur- 
ing resins such as epoxy resins can be used. 

Consideration has been given to replacement of the envelope (casing) by other 
related materials such as plies in lieu of paper, or light metals in place of steel. 
‘The former may have some advantage because of the greater strength and mois~ 
ture resistance. Certain plastics appear also to contribute to light output, though 
indications are that such influence is restricted to flares of smaller diameters. As 
to the use of metals such as magnesium or aluminum as flare canisters, their low 
melting points preclude effective use of the fuel value of the envelope to con- 
tribute to light output. Such canisters simply melt away in irregular patches and 
expose the unburnt portion of the flare, rather than contributing effectively to 
light output through combustion. 

The technical problems involved both with cardboard and steel cases include 
the question of loading. Under the conventional system of loading a powder rix~ 
ture directly into the case and consolidating it by hydraulic pressure, it is neces- 
sary to subdivide the charge into several parts. As a rule of thumb, the height of 
the consolidated charge should be no larger than the interior diameter of the 
tube or shell. Shallower increments in larger numbers are often used. This adds 
to uniformity in compaction of the material. 

Where the envelope is made of cardboard, there is not only a danger of bulging 
and breaking, but also the influence of friction in the cylinder wall, which causes 
it to collapse at the lower end in an “accordion” pleating that weakens the struc- 
ture and shortens the tube length. The use of large, cumbersome, expensive, 
hinged split moulds and the consequent need for time-consuming handling adds 
greatly to the cost of loading such flares. 

With steel-cased flare candles, the loading is somewhat simplified because of 
the rigidity of the metal case, but other problems arise. The direct contact of 
metal wall and composition may lead to erratic burning as a result of the heat 
conductivity of the metal. In addition, cracks, insufficient bonding, or contraction 
may create accelerated burning with build-up of pressure, which can result in 
actual explosion of the candle. The most unfavorable conditions exist when a 
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center pest increases the possible areas where flaws may occur and when the 
burning rate of the composition is particularly high. 

Swabbing the inner surface of the metal canister with a catalyzed Laminac 
solution, giving if time to convert to a thin protective coating, “helps prevent 
erratic performance of standard illuminating canisters. 

Asa rule, loading pressure for all military items is as high as practical. By max~ 
imal compaction, the largest amount is packed into the smallest space with 
justifiable expectation of greater efficiency; the effects of sudden acceleration, 
deceleration, vibration, or temperature variations might also be minimized. 
However, other considerations include lowered ignitability, the stresses exerted 
during pressing on the casing, and the proven possibility of the break-up of larg~ 
er crystals (350 pm) at 700 kg/cm’ with consequent effects on burning. There- 
fore, the compaction pressure for large candles does not exceed 700 ke/em’. It 
takes little arithmetic to calculate that even below this limit a large flare needs a 
60-ton press. 


Specific Hazards of Production of Large Flares 


The nature of the chemicals involved in high-powered flare compositions and 
the large amounts processed at one time create specific hazards, some of which 
have been assessed only after grievous experiences. Unfortunately, such experi- 
ence is rarely shared, analyzed, and critically evaluated. 

The large particle size of the magnesium in the flare formule discussed above, 
the relative inertness of nitrates (compared with chlorates and perchlorates), and 
the large amount of liquid resin having friction-reducing (hence phlegmatizing) 
character should make the flare formula: among the safest. Instead, open trough- 
type mixers (mix mullers) with moderate charges (less than 25 kg) have blown up 
with explosive force. Flares in moulds in the process of compaction have broken 
moulds and damaged pressing equipment, and burning flares have exploded dur- 
ing tests with serious consequences. 

In some of the cases, a reason can be given for the most likely causes of acci- 
dental ignition. If the sequence of addition of materials to the mixer is such that 
fuel and oxidizer come in contact before at least one of the two has been thor- 
oughly mixed with liquid binder, the hazard of ignition by friction or by another 
obscure cause is greatly increased. For this reason, the preferred sequence of mix- 
ing is the combination of metal powder and binder, the latter sometimes diluted 
with a volatile solvent such as acetone. Though there may be some qualms about 
addition of a highly flammable or potentially reactive solvents, the Eee of 
fast and wniform wetting of the magnesium together with the high volatility of 
the solvents may outweigh the more remote hazards and other disadvantages of 
resins. Residual solvent strongly inhibits the hardening reaction of some resins. 

One case of an explosion in the mould occurred during the last pressing, after 
the first fre had been added. Any accidental ignition due to excessive friction, as 
might occur when steel canister and pressing ram are not perfectly centered, 
would of course be easily explained when the more friction-sensitive first fire is 
involved. Such hazard is greatly lessened by a reversal of the pressing procedure, 
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starting with the first fire, but this is often impractical and is impossible where a 
permanent bottom closure is present. 

While these findings are valuable, they should not detract from the point that 
fuel/oxidizer mixtures can deflagrate explosively in a loose or compacted state 
and not necessarily in what may be called confinement. The rapidly released 
gases or gasified solids, under a self-accelerated burning rate and pressure build- 
up, make the term confinement. meaningless for more than minimal, thinly- 
spread quantities. Because complete control over conditions in or around a mix- 
ing installation is beyond human ability, a potential explosion must be made 
harmless, at least to life and limb of personnel, by proper shielding and barricad- 
ing, and other safety precautions. Complete automation would be impractical 
(though it can be achieved for simpler processes such as making photoflash 
bombs), and a satisfactory compromise approach can be reached that permits the 
direct handling of the completed mixture (subdividing, weighing, loading into 
the mould) without undue hazard. 

The explosive deflagration of flares during burning, especially of experimental 
variations or new iterns, is in some respect a more serious problem because it is 
less common and is not expected to occur at all. 


White Signals 


Visual signals may indicate the location of an item in flight or at the target, or 
they may constitute a distress signal or a prearranged message. Pyrotechnic light 
signals are normally designed for night use, in which case their luminous intensi- 
ty need seldom be high. For daytime use, however, in order to achieve a contrast 
against the sky, as in missile tracking, a luminous intensity of 100,000 cd or more 
is needed, This suffices for small missiles such as the Sidewinder or Bullpup, 
which employ tracking flares. For tracking at high altitude, flash charges are pre- 
ferred, as shown in the next section. 

Enhancement of radiation from the propellant exhaust of drones by target 
flares may be considered “visual” signalling even though it is only for the benefit 
of a sensor in an attacking missile guided by infrared radiation. 

A peculiarity of both tracking and target flares is their preferred mode of initi- 
ation, VIR.» by fire transfer from the hot propellant gases. This is called “parasitic 
ignition.” 

Spotting charges may be designed both as day and night signals combining 
light and smoke formation. 

Quantitatively, the most abundant use of pyrotechnic signals is probably in 
tracers for projectiles. Since most tracer formule pertain to colored flames, this 
whole subject will be treated separately. 


Testing of Flares 


The measurement of the luminous intensity of a flare is not a dificult proce- 
dure. Tt requires the erection of a test tunnel painted a flat black color on the 
inside and provided with baffles to prevent excessively high readings because of 
reflected light entering the barrier layer-type light-sensitive cells. The “fireplace,” 
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where the candle is burned, is painted white — a condition easily maintained 
because of the copious deposits of magnesium oxide from the flame. An exhaust 
fan eliminates obscuration of the flame by smoke. Provisions must be made for 
burning the flare in at least two vertical positions, flame up or flame down. Since 
the light output (and burning time) of illuminating shells varies greatly with the 
spin of the projectile (at 3000 rpm the burning time is reduced to one-half), a 
turntable may be required to simulate operational conditions. 

In order to bring the photocell to a response that approximates the sensitivity 
of the human eye for the different parts of the visible spectrum, color-correcting 
filters are interposed that attenuate the ranges in which the selenium cell nor- 
mally used is more responsive than the eye, ze, below 5300 A and above 5800 A 
wavelength. Standard lamps are used for calibration. 

The procedures are not claimed to measure accurately the actual luminous 
intensity but rather to permit a fairly precise measurement of approximate values 
for purposes of routine checks and for acceptance tests. More elaborate are the 
provisions if one is specifically interested in the spectral quality of the light or in 
nonvisible portions of the spectrum. By use of a multiplicity of optical filters with 
several photocells, or by use of other sensors such as lead sulfide and lead tel- 
luride cells or bolometers and cut-off filters, more information can be obtained. 
Only by use of a scanning device that permits a continuous variation of the 
wavelength for which output is recorded can a true picture be obtained. Mono- 
chromator spectrometer data are discussed in an NAD Crane report”, which also 
features a graph relating radiant energy vs. wavelength for a pyrotechnic flare, 
compared with graphs for various non-pyrotechnic light sources. 


Flash Charges 


Many fuel/oxidizer mixtures can react with explosive force under conditions 
leading to self-acceleration of an initially slow and orderly reaction. Pressure 
build-up is the primary accelerating factor. It may take place with consolidated 
charges, not necessarily in complete confinement, if cracks or defective bonding 
precipitate a reaction rate at which the gases cannot properly escape, whereupon 
the increased pressure leads to still faster reaction — a cycle completed in millisec- 
onds. The same may occur ~ in fact is far more likely to occur — with loose pow- 
der mixtures. If such an explosive reaction and dispersion is the desired effect, 
confinement of the charge alone is not relied upon, but an explosive stimulus is 
applied from a central burster; if the charge is large, a certain amount of black 
powder will help in uniform formation of a fireball. Since all the energy of the 
reaction is liberated in less than one tenth of a second, the luminous intensity 
from a properly formulated flash charge is very high. Illumination of the ground 
from a large distance and over a large area can be achieved for the purpose of 
photographic reconnaissance. Smaller flashes aré suitable as signals and for close- 
range photography. 


Uluminating Flashes 


Illumination for photographic reconnaissance at night in wartime is accom- 
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plished with powder mixtures or, exceptionally, by metal powders alone dispersed 
in air by an explosive charge. Depending on the altitude at which the unit is 
released, a relatively small “cartridge” or much larger “bomb” is used. 

The luminous intensity from a flash charge observed with proper instrumenta- 
tion measuring output us time will rise steeply and decay rapidly. For the 
M112A1 Photoflash Cartridge, the following data have been obtained: time to 
peak 2.2 ms; after 15 ms, output half of peak; after 28 ms, only one-tenth. Gen- 
erally, the useful light output is measured by integrating the output ws. time curve 
over the first 40 ms. From the viewpoint of codrdination of a flash with the xrial 
camera, a minimum time to peak and reduced burning time for the period of 

- adequate light emission are desirable goals for further improvement. 

Because of the destructively explosive force of the flash powder, the car tridge 
must be ejected from its dispenser and not exploded before a certain minimum 
time has passed. The M112 cartridge was furnished with delays of 1, 2 or 4 sec~ 
onds; the larger M123 with 2, 4, or 6 seconds. As with flares, the figures in older 
manuals regarding output, loading density, ete. may be lower than achieved in 
more recent times, although not very much effort has been expended on this sub- 
ject in many years. In addition, the reported figures contain some obvious mis- 
prints or errors and the delay-time variation, eg, of the 1-second delay, has been 
improved from an earlier +0.3s to +0.1s. This, however, is still regarded as 
excessive and complicates the shutter synchronization problem. Photoflash 
bombs rely on mechanical fuzes. 

Aerial night reconnaissance photography was started by the British in 1918 
and went through numerous phases because of the difficult synchronization of 
illumination with camera action. During the course of development, the pre- 
ferred materials were magnesium, aluminum, or magnesium/aluminum alloy 
with the oxidizers barium nitrate and potassium perchlorate. The metal alloy was 
used in World War U because of the severe shortage of powdered aluminum and 
magnesium, the latter being laboriously produced by a modified lathe-cutting 
operation that was woefully inadequate to provide the smaller pasticle sizes. The 
alloy, on the other hand, is a brittle, relatively easily comminuted solid. A typical 
photoflash formulation consists (today) of 40% aluminum (20 pum), 30% barium 
nitrate (147 pm), 30% potassium perchlorate (325 mesh), and the autoignition 
temperature is typically 760° C. 

The luminous efficiency in terms of cd-s/g metal for flash charges i is much 
inferior to that for flares. Since a much larger part of radiant emission is in that 
part of the infrared range that can be made photographically useful with special 
IR sensitive film, efforts have been made along these lines. 

Another decrease of efficiency occurs when only metal powder without oxidiz- 
er is dispersed. The latter type, the so-called “dust bombs,” were developed 
because large amounts of explosive flash mixture make the zroplane carrying 
photoflash bombs extremely vulnerable to destruction. The flash charge may 
explode when the bomb is perforated by bullets or shell fragments, destroy every- 
thing in its vicinity. Bombs that contained only metal powder used either alu 
minum powders or (in this country) a magnesiurn/aluminum alloy (65:35). 
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‘The use of metal powder alone causes a longer time to peak light output than 
is seen with regular flash powder. The inefficiency of the dust bombs led to 
development work on segregated compartments for fuel and oxidizer, both sur 
rounding the burster coaxially. However, these efforts did not lead to a better uti- 
lization of the powder. 

The problems encountered in the creation of a fireball from a flash charge, its 
development, duration, size, shape, and useful light output, depend on many fac- 
tors and are undoubtedly even more complex than the problems of ordinary 
pyrotechnic flames. Chemica! ingredients, geometry of the total assembly, the 
quality of the burster, and the degree of confinement of the charge (22, the 
strength of the container and its seals) prior to the burst all having a bearing on 
performance. The pobice has been treated in great detail in the Military 
Pyrotechnics Series’. 

Because photoflash powders are hazardous in any quantity, one might regard 
their processing and the manufacture of cartridges and bombs as some of the 
most hazardous tasks in pyrotechnics. It is just this definite, unequivocal danger 
that leads to such extensive precautions and special management so that the haz- 
asd becomes greatly reduced. One safety factor lies in the possibility of mixing 
the ingredients, either in the final containers by vibration or with the help of an 
attached canister or mixing device, and of disconnecting the two units by remote 
control only after the mixed powder has come to rest in the cartridge or bornb. 
This makes the production actually safer than that of flares where loose powder 
has to be handled after mixing by pouring, pressing, etc., with only partial remote 
control action. 


Signal Flares 


‘The majority of flash charges used as signals or imitations of the flash from a 
weapon are relatively small. They comprise those that are incorporated in train- 
ing weapons, such as the M110 Gunflash Simulator used for the training of 
artillery observers and troops in manoeuvres. This item is also used as a decoy, 
since its effect closely resembles the flash of certain guns. The M115 Projectile 
Ground Burst Simulator, and several air-burst sirnulators fired from ena: 
launchers or pistols are described in Chapter 21 on generation of sound. 

Flash charges are also used to indicate the point of impact of practice bombs, 
and also of small caliber spotting rounds shot from a small arms weapon with a 
trajectory identical to that of a larger gun. Formerly, black powder was used for 
such purposes, providing both flash and smoke. Nowadays, a zirconium~-based 
flash composition has been successfully employed, exhibiting 1.5 million candles 
and an exceptionally long duration (700 msec) when loaded in a 20-mm spotting 
round of about 6.5 em’ volume. 


Colored Lights 


This section will be devoted to colored lights used for military signalling and 
for civilian emergency flares, while the colored flames, flares, and spark effects of 
fireworks for pleasure have been treated separately in Chapter 15. The division is 
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necessary because not only the choice of colors but also compositions and manu- 
facturing techniques are different. Both branches can of course benefit from each 
other and some overlapping is obvious. 


Color Selection 


Colored signals must be recognized unequivocally and named as to the color 
they represent to all observers who are not color-blind. ‘The color should not lose 
its quality when viewed from a long distance or under other unfavorable condi- 
tions such as though haze or in daytime. Fireworks, on the contrary, need neither 
be very luminous nor restricted to definable colors. They are viewed from conve- 
niently close proximity on clear nights and delight the eye by a wide variety of 
delicate tints of, for example, pink, orange or violet, none of which would be suit- 
able “red,” coded as such. 

Blue and 1 ple cannot be regarded as satisfactory signal colors. Blue would be 
safe if the illumination were very high. Red is the ideal signalling color if orange 
lights are not also seen by the observer. Green is a safely recognizable color. Yel- 
low and white are safely recognizable if used separately. 

‘These views seern to be well applicable to pyrotechnic color recognition and 
identification problems. Red, green, and yellow are the foremost recognized sig- 
nal colors, though one occasionally finds the designation “amber” and there are 
blue signal lights. The latter seem to be somewhat maligned and deprecated, 
apparently not so much on optical grounds as because it is dificult and perhaps 
impossible to create a brilliant blue pyrotechnic flame of great depth of color. 

In a more limited way, a problem exists in the proper naming of colors and 
perhaps also in the bias of some observers with otherwise normal color recogni- 
tion toward the color yellow, whereby the slightest admixture of yellow with blue, 
especially in light shades, causes the person to identify this color as “green” rather 
than “blue.” 

Tt is possible to extend the variety of color messages by combining several sig- 
nals as simultaneously-seen discrete lights of the same or of different color. 

Colored signals as ordnance or utilitarian commercial items include a variety of 
devices, displaying one or more “stars” which function either on the ground or 
more often by being propelled into the air from the ground. If of short duration 
these are unsupported, but if the burning time is longer, they are suspended from 
a small parachute. Such signals are useful for communication, identification, or as 
distress signals or spotting charges. 

In compiling a list of compositions for colored flame production, formule have 
been taken from specifications for “stars.” Stars are similar to flares except for the 
duration of the light (0.1-2 min), and the luminous intensity is less. Additionally, 
they are colors used primarily for day/night signalling. Star signals may contain a 
single star or a cluster of two or more. 

Since there is now little overlapping between the formule for ordnance items 
and for fireworks, the latter are only of passing interest to the designer of military 
flares and stars. 
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Formulations for red and green fame are remarkably similar. The basic color- 
ing agents for red and green are the elements strontium and barium, mainly in 
form “of the relatively volatile chlorides. It will not do, however, to use the chlo- 
rid such since the formula would simply be too “congested” if these salts 
were combined with a fuel/oxidizer heat source. In other words, there might not 
be enough of all three major ingredients, or, as one might say facetiously, the 
pyrotechnist is stumped by the fact that there are only one hundred percent in a 
formula. At least one chemical must therefore do double duty, and ae best solu- 
tion to this problem would secm to be to utilize as oxidizers the chlorates or per 
chlorates of strontium and barium, which become halides after consumption of 
their oxygen. This is only practical with barium chlorate, which was used until 
some time after World War [ in the United States in military formule, but 
which according to Fedoroff is not used anymore. Strontium and barium per- 
chlorate are much too hy; groscopic for practical use. 

A more practical approach is the use of the nitrates of barium and strontium as 
oxidizers, followed by their partial conversion into halides by combining them 
with the oxidizers potassium chlorate or perchlorate. The chlorate is eliminated 
for military purposes because of its hazardous behavior in combination with 
some fuels. Potassium perchlorate is best suited because of its stability, nonhygro- 
scopicity, the negligible tinctorial effect of the potassium (as long as the quantity 
is not too large), and the capability of the residual chloride to react with the 
residue from the strontium or barium nitrate to yield the desirable alkaline earth 
chlorides. However, this secondary conversion can only be a partial one and is 
further limited by the fact that the amount of perchlorate must in many cases be 
small because of its accelerating influence on burning rate. It is therefore neces~ 
sary to introduce a specific halogen donor of high chlorine content. The favorite 
materials are organic compounds: hexachlorobenzene, (C,C1l,) with 75% chlo- 
rine; polyvinyl chloride (PVC), with 64% chlorine; and the rarely used dimer of 
hexachlorocyclopentadiene, Dechlorane* (CypCl.,), with 78% chlorine. Appar- 
ently not used as color intensifiers in military work are Parlon,' a chlorinated 
polyisoprene rubber with 67% chlorine, and the common smoke ingredient, 
hexachloroethane (C,C\,) with almost 90% chlorine. It should be noted that 
hexachlorobenzene (C,C1,) is different from benzene hexachloride (C,H,C 1,). 
‘The latter occurs in five isometric forms, one of which is a well-known insecti- 
cide (Gammexane, Lindane). 

Copper powder or copper oxide is occasionally added to green formule as a 
flame color intensifier. ‘The conventional binders are used sparingly in order to 
minimize weakening of the flame color by luminous (sooty) burning. ‘This is 
especially important in flares of low luminosity where, incidentally, one must 
also consider that a cardboard tube may have undesirable burning characteristics. 
The luminosity of the fame is boosted by the addition of varying amounts of 


* "Trademark of Hooker Chemical Company. 
ft Trademark of the former Hercules Powder Company. 
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magnesium powder, which increases the visibility at greater distance or in day- 
time, but contributes nothing to the coloration; indeed it tends to overpower it. 

Yellow £ flame presents no difficulty considering the ver y strong tinctorial power 
of the yellow sodium light. Because of its low hygroscopicity, the oxalate is nearly 
always used to introduce sodium. There would seem to be no reason to abstain 
from the use of highly purified sodium nitrate if the flare could be fully protected 
from the influx of high humidity during storage. It should be noted that accord- 
ing to Douda, halogens depress the color radiation for salts of alkali metals such 
as sodium". Furthermore, a series of formulations involving mainly magnesium 
and sodium nitrate, with or without added sodium oxalate, point toward an 
improvement in color purity with the presence of the oxalate. 

The most difficult color to produce in satisfactory depth is blue. This problem 
is less serious in the fireworks art, but the materials used there are viewed with 
suspicion in modern ordnance formulation. The essential color producing ele- 
ment is copper, which emits a blue light in the presence of chlorine. 

‘Table 17-9 gives a fair cross section of recent developments in colored-flame 
formulation. The novice in the field must be baffled by the fact that white and 
colored flares are so closely related in composition considering the differences in 
generation of visible radiation of wide or narrow wav elength bands. The reason is 
that the formulation of colored light sources is a series of compromises between 
visibility and color recognition. A consequence of this similarity is that the tech- 
niques of mixing, pressing, and fusing are identical. However, in colored flares of 
low luminous intensity one must avoid the presence in or near the flame of 
objects that may be interfering light emitters, such as residues of some first fires, 
cardboard that contains luminous substances (principally sodium), or residues 
from fuse trains. 

‘The instrumentation for measurement of colored light output is identical with 
that employed to measure white light. For chromaticity coédrdinates, and other 
data specifically pertaining to color, the photometric measurements must be 
modified by simultaneously employing several sensors, with or without a variety 
of fileers which permits the passage of light in limited ae elength ranges. 
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Chapter 18 
Delay Trains 


Introduction and History 


Ifa pyrotechnic mixture that is neither extremely violent nor too sluggish i in its 
reaction i spread out in the form of an elongated powder train, or is tamped or 
compressed in a narrow column and ignited at one end, the reaction generally 
proceeds in an orderly fashion as shown by a glow or flame front. This may be 
followed visually beginning with prime ignition and through the final pyrorech- 
nic event. 

The history of pyrotechnic delay timing until about the year 1929 can be sum- 
marized in two words — black powder. This all-purpose material furnished not 
only propulsion, firework effects, and explosive force, but in proper arrangernent 
and with modifications in composition, formed compressed powder columns or 

elongated fuse lines of the types still used in fireworks and some military devices. 

However, the modern requirements of extension of timing range, high stability, 
and complete confinement (obturation) led to a search for low-gas delay formu- 
lations, The earliest efforts starting around 1929, involved silice on and red lead 
(Pb,O,) or lead chromate (PbCrO,). Glycerine was added, probably because it 
has binding power with lead oxide. These early mixtures were gas-forming to 
some extent. They were followed by truly low-gas mixtures, such as barium per- 
oxide with the chalcogens, patented as early as 1934. Iron or antimony with 
potassium permanganate were tried and used in Germany, but never became 
popular in this country. World War I provided a new impetus to research and 
development of the “gasless” delay formulations and the work on improving them 
has continued ever since ~ not steadily but rather by sporadic efforts. 


Delay Ranges and Uses 


Pyrotechnic delay timing covers an approximate range of 0.06 to 250 cm/s. 
Since there are practical limits to the length as well as to the shortness of a pow- 
der column at which reproducible functioning can be achieved, time intervals 
available range from 5 milliseconds to 5 minutes. Where this range is insuffi- 
cient, it can be extended. to the microsecond range by using primary explosives, 
sometimes in combination with highly active pyrotechnic mixtures. In the 
long time-delay zone of minutes, hours, days, or weeks, certain chemical or 
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physicochemical effects of corrosion (e. & by acids on metal) or of gradual soften- 
ing (eg. by acetone on celluloid) can be utilized. These means for long delay 
times are not pyrochemical in nature, but they are treated in some detail since 
they are associated with incendiarism and explosive demolition. 

Delay action below 1 msec and in the lower millisecond range is used in pro- 
jectiles and bombs that explode upon impact with the target but which may do 
greater damage if a time delay is interposed in order to detonate the missile after 
penetration of the target. 

In the millisecond range, from 25 to 1000 msec, the delay action provides for 
effective blasting in quarries, salt mines, and numerous other commercial appli- 
cations of explosive charges. Staggering the explosions in a series of borcholes 
reduces vibration and improves fragmentation. It has special advantages in grade 
construction work. 

The range 1 to 6 seconds is used in ground chemical munitions such as smoke 
pots, tear gas and smoke grenades, and fragmentation hand grenades, as well as 
in photoflash cartridges and similar air, or space-launched signals. With such 
items, it is imperative that the exploding or otherwise hazardous object is safely 
removed from the point of initial activation. Certain riot grenades allow 1.4 to 3 
seconds delay action in an integral firze that terminates in a detonator. The bou- 
chon type detonating fuze M206A 1 is used in a white phosphorus smoke hand 
grenade with a delay of 4 to 5 seconds. 

Longer delay times, up to 60 seconds, are found as part of so-called delay 
switches. Following an electric initiation, these devices undergo a pyrotechnic 
delay action that ts followed by a mild explosive effect from a small charge of pri- 
mary explosive. The latter causes a piston to move, opening or closing one or 
more electrical connections. 

For some applications, sequential timing may well go beyond 60 seconds. It is 
possible to arrange delay trains of slow-burning mixtures to allow up to five min- 
utes delay time, but for longer periods, the items become rather cumbersome. As 
previously stated, the slowest of the currently-used delays burns at a rate of 0.06 
cm/s at atmospheric pressure, and considerably faster under confinement. Thus, 
about 25 cm of column length have to be accommodated in a 5-minute delay 
unit. This has been achieved by Ellern and Olander in an internally vented 
arrangement known under the trademark Pyroclok™ ”. 

Devices for the longest delay timings are nonpyrotechnic. They are used as 
bomb fuzes and mainly constitute an harassment factor; paradoxically, the effect 
of the munitions as a deterrent is even greater the less reliably their timings oper- 
ate, as they can remain hazardous even after the end of the hostilities! These 
somewhat unpredictable delays are used, for instance, by military forces in tacti- 
cal retreat, to initiate concealed explosive or incendiary charges to function after 
withdrawal. The units chat permit such delaying action for hours, days, weeks, 
and in extreme cases for months, will be described below. They are quite small 
and compact, while clockworks for longer time intervals become quite large and 
heavy and have other disadvantages, although they are indispensable when the 
required time interval must be accurate to minutes or seconds. 
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‘The events outlined for the various timing ranges are only a few examples out 
of a large number of delay timing sequences. There are many others such as the 
ignition of a fireworks display subassembly at or subsequent to the burst of a 
shell or rocket in the air, or the similar display of an emergency signal after being 
shot out of a special pistol. Parachute fares may use consecutive “delay times for 
free fall, opening of the ’chute, and ignition of the flare candle. A few gun- 
projectile fuzes employ powder trains rather than mechanical timers. 

We shall see later that all chemical delaying devices (pyrotechnic or otherwise) 
have large temperature coefficients and only fair accuracy at any one temperature. 
‘The reason for their use is economic and tactical, since no explosive component 
parts or assembly jobs are involved and millions of delay columns can be pro- 
duced by relatively unskilled labor on easily set up assembly lines. In addition, 
such small, highly compact and heavily enclosed devices are rugged, stable, and 
have no moving parts that might need servicing after prolonged storage. In short 
as well as long delay timing, the added advantage of smallness is a factor, though 
in the muwute range, clockworks may be lighter and more compact. Then, how~ 
ever, the problem of initiation of clock action has to be considered. 


Factors in Formulation and Design 


In discussing the field of delay timing by pyrochemical means, the first ques 
tion to arise might be the calculation of the burning time (rate) from the reaction 
of the components and their chemical and physical properties. Burning time 
depends on the following factors, enumerated roughly in order of significance: 


Nature of the reactants and products; 

Particle sizes (especially of fuels), 

Relative amounts of ingredients (especially of metal fuels); 
Ambient pressure; 

Ambient temperature; 

Compaction; 

Diameter of column; 

Nature of envelope (casing). 


DOT NT te aN 


Without undertaking detailed analyses of this seemingly inexhaustible subject, 
a few random notes will be added on the various parameters of delay fetor 
mance. 

One of the slowest mixtures (though not one likely to be used as a delay for- 
mula) consists of 96% ammonium nitrate and 4% charcoal, with a burning rate of 
0.008 cm/s at a density of 0.94 g/em*. This corresponds in burning rate to the 
article called “slow match,” a type of string fuse that consists of loosely twisted 
cotton cord steeped in a solution of saltpeter and sometimes lime-water. Rope or 
wick-like extremely slow smoldering fuses made of cellulose fibers and perhaps 
very lightly impregnated with a nitrate* are occasionally used in clandestine 


* "The use of lead nitrate is endorsed in some early works on ficeworks™, and could be 
applied to military as well as recreative pyrotechnics. 
PE y py 
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work, but they require some ambient air. A study on the burning of cellulose may 
be of significance in this context: the impregnation of alpha-cellulose paper with 
1.5% of potassium bicarbonate (KHCO,) completely suppresses flaming, but it 
increases the sensitivity to glowing ignition and presumably enhances continued 
burning. 

Another allied topic is the relation of the burning rate and temperature of 
tobacco leaf to its potassium salt or chloride content. The burning temperatures 
are roughly inversely proportional to the potassium content. The glow time of a 
tobacco leaf is more than twice as long at the tip than at the base. Cigarettes have 
been used as delay fuses in firesetting since they do not go out; with some pre- 
cautions as to support and positioning, the rate of glow progression for American 
cigarettes is on the order of 0.4 cm/min in still air. 

The slowest delay mixtures that function properly under a great variety of con- 
ditions are those based on very finely powdered and chemically active metals of 
highest density, especially tungsten. 

At the other end of the timing scale, considering the influence of specific 
materials on delay time, are mixtures containing zirconium of subsieve fineness. 
The previously described first fire mixtures have a burning rate of 25 cm/s. Still 
faster are mixtures of an excess of the finest molybdenum powder combined with 
potassium perchlorate. 

Because of the limitations of choice of oxidizers in delay mixtures, especially of 
the low-gas variety, data on changes in burning rate with change of oxidizer are 
scarce. Red phosphorus has been paired with a number of oxides and chromates 
and not surprisingly, the relatively most active oxidizers such as silver oxide 
(Ag,O) and barium peroxide (BaO,) produce very fast compositions, while high- 
ly stable oxidizers such as barium chromate (BaCrO,) and the oxides of iron 
yield very much slower burning rates, and cuprous oxide (Cu,O) stands in 
between. 

In the intermediate pyrotechnic timing range of about 0.25 to 5 cm/s, modern 
practice employs a variety of metal powders, and other elements that behave like 
metals, such as silicon, boron, selenium, and tellurium. These must be pyrochem~ 
ically quite active for reliable fire transfer, but not so active as to yield only very 
short reaction times. They may be used with two oxidizers, one of them often 
being the rather inert barium chromate, while the other is much more reactive 
and heat-forming, such as potassium perchlorate. This system permits a wide 
variety of formula changes and therefore of burning times, though the type and 
amount of fuel is generally the overriding factor. Suitable fuels have been found 
by trial and error: besides silicon and boron, the most popular are certain alloys of 
arconium and nickel, and the metals manganese, tungsten, molybdenum, and 
chromium. All the delay formulz, no matter how seemingly well standardized 
regarding specific properties of ingredients, mixing, and pressing procedures, are 
capricious and a constant source of difficulties to the manufacturers —- sometimes 
more so than the main item which the delay mixture ignites. The so-called D16 
series, with a range of about 3 to 13 s/in, using manganese, barium chromate, 
and lead chromate, seems to give less trouble than the others. 
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In German World War II ordnance, combinations of antimony metal and 
potassium permanganate were favorites. 

In the United Kingdom, work on slow-burning mixtures has continued to fol- 
low the trend of employing high-gas mixtures using such fucls as tetranitro- 
oxanilide or tetranitrocarbazole with barium nitrate. 

C.H. Miller’ showed that the burning rate of B/BaCrO, varies with pressure 
only when then mixture is prepared mechanically, but not when the mixture is 
co-precipitated. This may indicate a general method for preparing pressure- 
insensitive delays. McLain“ cites unpublished data on the lead oxide/silicon s 
tem over a 100 atm pressure range and finds these to achieve a plateau in burning 
rates above 20 atmospheres. Mclain also cites the various mixtures used for 
delay detonators which assure precise delays in blasting operations. These delays 
must be sealed to assure reproducibility in timing. Manufacturers make two 
series of delay detonators, one with half-second increments, range from 0.5 to 5s, 
and the other in 25 to 35 ms increments, designated by numbers 1 through 10. 
Millisecond delays typically contain lead oxide/silicon (propagation velocity 
approximately 4 cm/s). Half-second series contain 64:36 KMnO,/Sb and one~ 
second delays 70:30 KMnO,/Sb (propagation velocity approximately 0.2 cm/s). 
These and many new mixtures are characterized by the absence of chromates. 
Further examples are Zr/MoO,, 2.5-16 cm/s (U.S. Patent 3,703,144) and 
Sb/FeO/ KCIO, 35:43:22, for 0.5 second caps (Ger. Offen. 2,416,920). 

‘The propagation rate of Mg/Teflon mixtures was studied’* and it was found 
that the rate increases when the proportion of magnesium is above stoichiomet 
ric (33%). As the amount of magnesium vapor burning in the gas phase above 
the mixture increases, the heat flux increases and so does the burning rate. 

Particle size of the metal fuels in delay mixtures is of great influence. It is often 
necessary, in order to match an existing composition, to proceed by trial and 
error using samples of various production batches of the metal fuel. One may 
find in some cases, in particular with tungsten, that the pyrochemical behavior of 
metal powders may vary enormously even when particle sizes seem to be little at 
variance. On the other hand, the grain size of an active oxidizer such as potassi- 
um perchlorate has little effect on the burning rate, though it may influence 
ignitability. 

The percentage of metal fuel in a formula has a decisive influence on burning 
time, usually insofar as burning times become faster and faster with excess of 
metal. This appears to be a function of the increased heat conductivity of the 
mixture rather than of the increased surface area of the active fuel, since the 
admixture of silver powder in lieu of part of the excess fuel has been observed not 
to alter the burning rate. It is certainly remarkable that whatever the mechanism 
of action is, high metal powder content surpasses the caloric output as a factor in 
the burning rate, sometimes until 95% metal powder is present. 

Regarding the percentage of oxidizer, if two competing compounds, such as 
potassium perchlorate and barium chromate, are present, it is important that the 
metal be in stoichiometric excess in relation to the more reactive oxidizer, in this 
case the perchlorate. This is the case at least in obturated fuzes, since indications 
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are that free oxygen is otherwise released. Beyond this condition, it seems to have 
little effect on burning rate whether, ¢. g-, 5% or 10% perchlorate is present. 

Even though the greatest effects of gas pressure on burning time are found 
where high pressurization is encountered, as in completely enclosed systems, the 
rarefaction of the atmosphere due to variations of altitude must be considered for 
open-burning fuse trains. Safety fuse (see below) with a burning rate of 0.8 cm/s 
at or near sca level will be 5% slower at 1700 m. Extreme conditions would be 
encountered on high-flying airplanes or on missiles but delay columns for proper 
functioning in these cases are designed to be independent of external pressures. 
Such enclosed systems do not react, however, at the same burning rate as open 
ones since no “gasless” mixture is free from developing a certain amount of 
volatile and pressurizing substances, as previously explained. In addition, self- 
heating during the reaction, interstitial air contributing to pressurization with 
rising temperature, and the gaseous products of primer fire all have a share in 
speeding up the chemical reaction of the column. 

Theoretically it might be possible to design sufficient internal vent space to 
annul the influence of such pressurization and also to provide a large “heat sink,” 
but this is hardly practical. A compromise is possible, however, and is now often 
employed. 

If the confinement of low-gas mixtures includes on! Yy a minimal “vent” volume, 
the burning rate of the column is considerably increased as burning proceeds. In 
one case where a very slow-burning tungsten mixture was thus employed, the 
burning rate was doubled. Even the better internally-vented devices are rarely 
provided with adequate vent volume to approach open burning conditions, and 
the burning rate is increased the smaller the allotted vent volume. 

The temperature coefficients of low-gas delay columns have been studied quite 
extensively. Within the most often tested interval, —50° to +70° C, a tempera- 
ture coefficient of 0.1496/°C is a reasonable figure. This means that the variability 
of delay time over the indicated range of 120° C would amount to £9% attribut~ 
able to temperature change only. Exceptionally, the range may be less, but often 
it is much higher. Crowded design, because of size limitations, often provides 
inadequate vent space, causing a failure to dissipate heat that in turn leads to 
excessive pressure build-up. Considering variability due to uncontrollable aspects 
of manufacture and of burning behavior itself, a buming-time range approaching 
20% may have to be allowed. 

Significant design features of the delay column and its envelope comprise the 
degree of compaction of the mixture, the diameter of the delay column, the 
thickness of the tube or block into which the powder is pressed, and the material 
from which the enveloping support is made. The burning time and, in some 
respects, the reliability of the item itself vary with these factors; increased com- 
paction means slower reaction speed, the variation being considerable at first, but 
when a certain degree of compaction has been reached, an increase in pressure 
changes neither density nor burning rate very much, In other words, the com- 
paction pressure vs. burning time can be represented by a curve steeply ascending 
and then asymptotically tapering off, the turning point for the more common 
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delay compositions being at 2200 to 4000 ke/em’. 

The diameter of the delay column may become critical when the composition 
is slow-burning and the heat output is small, as is often the case. A column 
diameter of 0.50 cm is usually adequate and if the ambient temperature is never 
expected to be very low, successful burning is possible at 0.28 cm diameter. Oth 
erwise, a composition may perform adequately at norma! and at higher tempera- 
tures but at extremely low temperatures enough heat may be dissipated in the 
surrounding metal that the glow front becomes narrower and literally “tapers 
off;” burning may cease before the terminal fire transfer is achieved. By the same 
token, decrease in the tube wall thickness will tend to concentrate the heat in the 
column (that is, it will dissipate less heat per unit of time). The result may be a 
faster burning rate with decrease of wall thickness. Studies on the influence of 
the nature of the container — Ze., of its heat conductivity — have been less conclu- 
sive, but undoubtedly the selection of ceramic bodies as compared to metallic 
would have a favorable influence in marginal situations and especially where 
multiple columns occur in close proximity. 

The effect on burning rate of thermal losses through the walls of delay 
columns was examined by this author’ and found to be rather small. Most delay 
column mixtures have a very low thermal! conductance, the dependence of which 
on temperature is known to be small. 

One effect of heat conductivity along the column wall may be premature initia~ 
tion of whatever terminal charge follows the delay column. This “anticipatory 
effect” has been attributed by Picatinny Arsenal researchers to permeation of the 
unburned column by hot gases. Whatever the actual reason, some possibility 
exists that the terminal effect by which the delay time is measured is not caused 
by the glow front of the column actually reaching i its end. In some unhappy cir- 
cumstances, the delay column may be bypassed i in its entirety. In reverse loading 
situations, where a sensitive first fre is pressed first and some of it is retained 
along the tube wall during subsequent filling of the tube with delay mixture, this 
may contribute to premature fire transfer. Mechanical breaking up of the column 
has the same result. There is, of course, hardly a more unfortunate effect than 
instantaneous action in lieu of delayed action because it may cause the user’s 
death, as in the case of hand grenades. 

As can re’ adily be seen, the actual design and assembly of delays where high 
reproducibility is required, involve numerous technical skills, and even then, 
unexpected deviations from proper behavior may baMe the pyrotechnist. Highly 
polished internal surfaces, use of dead-load presses or other means of precise 
pressure control, automatically preset advance and dwell times of the pressing 
ram, pressing in small increments, perfect leak-proof sealing of the unit, and use 
of the most uniform prime ignition sources are some of the conditions that will 
improve pyrochemical delays. 


Commercial Fuse Lines 
Ignition lines and tubular fuse trains can be used for delay timing in fireworks 


items and in some military signals, but in general do not burn consistently 
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enough and are not physically suited to withstand the rigors of military surveil- 
lance tests and actual exposure in use. 

Safety fuse is described as a tightly wrapped train of potassium nitrate black 
powder having approximately 1 cm/s burning rate with a normal variability of 
£10%. The coating of such a fuse is most often an impregnated textile with 
more and more effort being made to improve the moisture-sealing effect by use 
of a coating or a plastic tubing, as in polyethylene-covered safety fuse. 

Quickmatch consists of cotton strands impregnated with black powder mixed 
with starch paste or dextrin. “Mealed” (Class A, or dusted) quickinatch contains 
additional fine black powder as a coating which increases the rate of burning. 
‘The specified burning times lie between 1.8 and 3.8 cm/s. When the rather rigid 
and brittle pieces of quickmatch are bent, threaded through holes, and thus par- 
tially broken up, the burning rate increases considerably, hence quickmatch is 
more suitable for fire transfer as such rather than for timing. In fireworks use, 
quickmatch is often “piped” (enclosed in a light paper tube), rendering it nearly 
instantaneous. The fabrication of delay columns in “endless” lines and cutting 
these to size, rather than resorting to the tedious individual production of single 
items, seems enticing. If soft lead tubes of 1 cm internal diameter and 2 cm out- 
side diameter are filled with delay composition, closed on both ends, and swaged 
to a 1/4 inch outside diameter, a compacted delay fuse line results, which can be 
cut in short lengths or bent and formed into a spiral if desired. The development 
of this type of delay has been pursued in the United Kingdom, while in this 
country similar processes have been employed for explosive line charges. Consid- 
ering that a delay unit must be provided with ignition and terminal fire transfer 
material and fitted in a larger assembly of some kind, it seems doubtful that this 
type of fuse train is of much use except under the same conditions where existing 
satety fuses are useful. One exception is the insertion of delay trains into detona- 
tors. Mixtures of barium peroxide and selenium, or slower ones with telluriam 
have been tamped into lead tubes and consolidated by swaging, starting from 
three feet length and ending up with four feet of fuse, a process used by the Her- 
cules Powder Company for over thirty years. 


Nonpyrotechnic Long Delays 


Since there is a limit to the length of any fuse train, the use of pyrotechnic 
means must yield to other progressive action for long duration. Clockworks for 
periods of days and weeks are even more cumbersome and expensive than for 
short duration, but chemical action or the swelling and dissolving action of a liq- 
uid on a solid are simple means for long delay timing. 

The M1 Delay Firing Device, MIL-F-13893B (Ord) (1962), commonly called 
the delay pencil, is a World War II invention of the Allies but was captured by 
the Germans and used by both sides. It is based on the corrosion of a tinned 
steel wire by solutions of cupric chloride in water/glycerine mixtures. The wire 
is held under 8 kg spring tension and its corrosion and eventual breaking releas- 
es a firing pin acting either on a percussion primer (M27) or on a miniature 
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incendiary containing the tip of a strike-anywhere match as described in Chapter 
LL. Because the glass ampoule with the corrosive liquid is an integral part of the 
device, each delay time requires a separate pencil. Each kind is marked by a lac~ 
quered metal band of a different color, which also serves as a safety detent. 

The pencils are made for delays calibrated in minutes as well as hours, assum- 
ing an ambient temperature of about 20° C. The temperature coefficients are 
very high and increase with the length of the nominal delay time. The device is 
used for incendiary or demolition purposes in clandestine activities. ‘Two pencils 
attached to one item increase reliability of firing and reduce the probability of a 

“delayed delay action” or of failure due to a hung-up firing pin, which occasional- 
ly occurs. A hazard of the device is corrosion of the wire in storage, be it because 
of breakage of an ampoule or through external influences. While a peephole 
allows a check on a fired but retained striker, it is not possible to discern whether 
a partial corrosion has left the device at the brink of firing. 

A different principle is involved in fuzes, of which the Long Delay Tail Fuzes 
ANM123 are examples. The delay action is mitiated by the softening action of 
solvent on a celluloid collar that retains a firing pin. Vials containing solvents of 
varying activity toward nitrocellulose (acetone being the most active, esters least) 
allow a nominal delay range of 1 to 144 hours. Again, the temperature coefficient 
is high ~ for up to 12 hours nominal delay, a timing ratio varying from 1:9 to 
1:24 applies within the relatively small temperature range of — 10°C to + 110° C. 
The slow-acting solvents become quite unreliable at low temperatures because 
they may not dissolve but only swell the disk, which then may remain strong 
enough to hold back the striker. As a result, this type of faze may stay suspended 
for many months or years, and either never go off, or go off only after unpre- 
dictable gradual shear. 

We have seen earlier that pyrochemical action between sulfuric acid and chlo- 
rate mixtures can be used in combined delaying and ignition devices. This can be 
done by making use of the corrosive or hygroscopic actions of the acid, or the 
active components can be brought together by tilting or spilling, an effect that 
may be produced from some gradual, external process of a simple nature. 


Composition of Delay Mixtures 


Pyrotechnic delay mixtures are usually classified as ‘gasless’ and they burn (in 
theory) at rates independent of ambient pressure. As is usual with generaliza- 
tions, there are limitations to this rule that require some elaboration. Burning 
rates of delays depend on a number of factors such as heat output, particle size, 
stoichiometry, ambient pressure, temperature, compaction density, thermal con- 
ductance and whether the mixtures are confined (obturated) or not (vented). 
Tungsten and manganese delays have been found to be the least variable and 
therefore will be the focus of attention. 

Burning rates are expressed either as lengths per unit time or as ‘burning time, 
the inverse of burning rate. In this book the burning rate is the preferred expres- 
sion, as it is desired to discourage the practice of citing burning times in seconds 
without specifying the unit of length. In some laboratories the convention is the 
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‘Table 18-1. Typical Delay Variability *” 


Burning Rate % Variation % Change in Burning Rate 
em/sec at 22°C from -54° to +22° C 
Be 0.07 - 0.08 15 - 3 10 - il 
fog 0.10 - 0.13 253 8 - 95 
ER 051-085 2-5 5 - 6 
22 085-130 tee 8 5 - 8 
22 0.36 - 0.85 122-25 5 “>. 03 
= “a 0.21 - 0.28 12s (ES JO - 15 


other way. Various delay mixtures were examined critically by several 
authors“? and their data form the basis of this discussion. 

Tungsten delays are composed of tungsten metal, barium chromate, potassium 
perchlorate and diatomaceous earth (see Table 18-2). Usually the burning rate of 
pytotec hnic mixtures increases with heat output, but with ningsten delays the 
opposite is observed, because the rate is determined by the thermal conductivity 
of the mixture. Therefore, as the percentage of tungsten increases, thermal con~ 
ductivity and burning rate also increase. The burning rate decreases with the 
addition of calcium fluoride @which acts as a diluent) but increases with the per- 
centage of diatomaceous earth (silicon dioxide). Silica lowers the decomposition 
temperature of barium peroxide and, presumably, of barium chromate. 

Many delay mixtures, including the tungsten delays, function in smaller time 
intervals than might be predicted from propagation rate data, when in contact 
with thermally sensitive charges (e.g., primary explosives). This time reduction is 
called the “anticipatory effect.” For tungsten delays it is equivalent to 0.2 cm of 
the column length’®. This eflect can vary quite substantially as shown in Figure 
18-1. 

The change of burning rate with temperature (the temperature coefficient) for 
tungsten delays i is about 0.03%/°K” when tested in vented units, but marked 
deterioration was found when the same units were exposed to a highly humid 
atmosphere. Tungsten delays are not, strictly speaking, gasless, because on com- 
bustion an appreciable atmosphere of volatile tungstic oxides and volatile tung- 
sten aud chromium oxychlorides is formed. 

Manganese delay mixtures date from World War Il. Aging of these delays 
(bringing about a reduction in burning rate of about 0.007 seconds per centime~ 
ter per year) is ascribed to the corrosive effect of moisture on the metallic fuel. To 
inhibit this deterioration, the manganese powder is treated first in a potassium 
dichromate bath, then by a protective coating of stearin. The stability of the mix 
ture increases with decreasing particle size of the manganese. Stability is highest 
for fast-burning compositions having a large fraction of lead chromate. Pretreat- 
ment of the manganese is unnecessary for delay mixtures that will be kept dry”. 
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Figure 18-1. Burning characteristics of 
beron/barium chromate delay compositions’. 
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Figure 18-2. Burning rate contours of manganese delay compositions, cm/s?” 
S SE 


Manganese delays 
low temperatures”. 

In books on pyrotechnics formule have traditionally been listed for all types of 
mixtures, often to four significant figures, even including trace components 
which may have no function other than to color or lubricate the mixture. Doubt- 
less such minutiz are important, but do little to give insight into possibilities for 
substitution or of the potential for changes in performance. This is illustrated in 
Figure 18-2. For ternary mixtures, such triangular graphs are particularly conve- 
nient’”, 

The traditional delay compositions all contain chromates in some combination, 
for reasons that were explored in the discussion of alkaline earth chromates im 
Chapter 16. As noted in Chapter 3, hexavalent chromium is suspected as a car- 
cinogen and some effort has been devoted to finding a replacement™. It appears 
that mixtures of metal powders (W, Ti, Mn, B) with permanganates, manganese 
dioxide and potassium perchlorate may meet the range of propagation rates now 
obtained with chromates. Silica, added to potassium perchlorate, increases the 
rate significantly, a phenomenon encountered earlier with barium peroxide. In 
the United Kingdom, boron/bismuth trioxide delay compositions have long been 
employed, being gasless and having burning rates of 0.5 to 3.5 cm/s.” Their 
moisture sensitivity requires careful sealing if changes in burning rate over a lapse 
of time are to be avoided. 


burning more slowly than 0.18 cm/s do not ignite reliably at 
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Table 18-2. Survey of Delay Mixtures” 


Potassium perchlorate > # 14 10 
Manganese 29 2 = = 
Lead chromate 26 - 
Barium chromate 45 85-97 60 55 
Boron - 3-15 - - 
Zirconium/nickel alloy ~ - 
Viton (a fluorinated rubber) - ~ ~ 


ie hs 
‘Tungsten - - - 30 30 
4 5 


Silicon dioxide - a 3 


Burning Rate, range, cm/s: 1) 0.18 - 1.25 (obturated) 
2)3.1 -43 (obturated) 
3) 1.25 for 70/30 Zr/Ni 
0.21 for 30/70 Zr/Ni 
0.13 with up to 10% CeO, added (vented) 
4) 0.16 ~ 0.25 (vented) 
5) 0.06 - 0.25 (vented) 
0.04 with CaP, added 


Kiss 


Chapter 19 
Incendiaries and Tracer Munitions 


Incendiaries 


‘Tracer bullets originated during World War | when they also served an incen- 
diary function. Except when filled with white phosphorus and used against 
hydrogen-filled balloons, these bullets were found to be quite ineffective. More~ 
over, the early formulations were unreliable in ignition and had a short storage 

life. The history of the development of small arms incendiary munitions was 
reviewed in a lengthy, four-volume report by the Denver Research Institute”. 

Present-day small arms incendiary munitions are limited to starting fires in 
helicopters. Larger caliber incendiary rounds, particularly those having armor 
piercing characteristics, are used against ground transport and armored personnel 
vehicles. Incendiary rounds up to 20mm caliber are initiated by impact, while 
larger caliber projectiles are fuzed. The interested reader is directed to the spe- 
cialized literature such as the Evcyclopedia of Explosives™ or Caven's and Steven- 
son's report”. ‘Typically these contained magnalium, titanium, or zirconium pow- 
der with potassium perchlorate. 

Incendiary ammunition and bombs contain pyrophoric metal components 
when intended for use against flammable targets such as fuel depots. Because it is 
usually difficult to ignite structural targets with devices having a short burning 
duration, incendiary bombs for deployment against flammable structures rely 
either on Napalm (strictly speaking, not a pyrotechnic formulation) or on ther- 
mitic reactions. Military thermites are composed of granular aluminum and 
coarse iron oxide scale, and are made more easily ignitable by the admixture of a 
small amount of barium nitrate. This mixture was used in the familiar hexagonal 
shaped 2 kg magnesium alloy bomb which was extensively dropped on European 
cities during World War th 

Incendiary action is connected in a complex way to the interaction between 
projectile and target, and the interaction between the incendiary and the com- 
bustible. The total heat input must be sufficient to raise the combustible to the 
ignition temperature, and then, sufficient oxygen must be available to support 
combustion. The question as to whether the heat input is sufficient can be 
answered analytically by a numerical solution of Fourier’s Equation with a source 
term: 
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Dn. 


eT evT [19-4] 
where: « is the thermal diffusivity ( é ) 
« is the thermal conductance PX 


C, is the heat capacity 

p is the density 

h. is the heat of combustion 
Tis the Temperature 

t is the time 


As a first approximation, the length of time an incendiary at a temperature 
above the ignition point of the combustible must be in contact with the com- 
bustible is proportional to L°” where L is the nominal size of the combustible. 
Solutions of the above equation can be performed with a great deal of elegan 
but in practice incendiary munitions are tested on simulated (“replica”) target: 
or in “arenas,” namely against an array of combustibles. 

The problem of igniting combustible vapors (as in aircraft or fuel depots) is 
more complex than that of igniting solids. Liquid fuels must be dispersed (or 
evaporated) so their concentrations in air will be within flammable ranges. Much 
effort has been directed toward developing incendiary munitions with a one-shot 
ignition capability, but with the increasing speed and altitude of aircraft, lowered 
vapor pressure of fuels, and development of self-sealing aviation fuel tanks, this 
goal has proven to be an elusive one. 

In recent years, zirconium sponge has emerged as one of the principal con- 
stituents of incendiary hardware, having displaced magnesium in this application. 
This has been demonstrated in the Air Force programs for development of the 
BLU-61 and the BLU-85 configurations. 

The World War II development of stable gels from Hquid fuels for use in fame 
throwers and incendiary bombs was mainly the work of scientists at the Chemi- 
cal Warfare Services Laboratory at Massachusetts Institute of Tec hnology. The 
most satisfactory of these was Napalm, the name derived from its main ingredi- 
ents — aluminum NAphthenate and PALMitate. Concurrently with these efforts 
at the start of Word War Il, Standard Oi] Development Company worked on a 
sodium soap thickener. The most recent developments omit the soaps altogether 
and use a large amount of synthetic plastic compound. The mixture, ‘called 
Napalm B, while solidifying at 35° C, will remain a viscous liquid even on expo- 
sure to lower temperatures. 

Congealing a liquid fuel has the advantage in incendiary practice that the 
burning gel does not run even if unsupported, e.g., if splattered from a bomb or 
after a casing burns away. Thus consumption is slowed down and the flame 
remains localized. With fames of relatively low temperature (where heat transfer 
is chiefly convective and conductive) duration is of the greatest importance for 
ignition of heavier wooden structures. Thus, Napalm — a term now Nei) 
understood as the congealed liquid rather than the thickener — is one of the most 
effective incendiary agents. 
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Sterno® is a well-known commercial gelled liquid fuel. It burns with a nearly 
invisible fame and little residue, and these properties, as well as its odor, pro- 
claim it to be mainly alcohol. It is a handy heat source for campers, hunters, and 
explorers. According to a US. patent (US 2,721,120) it consists of an alcoholic 
solution of nitrocellulose, solidified by addition of a miscible non-solvent for the 
nitrocellulose. The latter is thus thrown out of solution and forms a voluminous 
mass that traps most of the liquid portion. 

Since the appearance of pyrogenic, extremely fine silica (0.015-0.020 jum parti- 
cle size), commercially known as Cab-O-Sil and by other tradenames, it has 
been possible to gel many liquids instantaneously by addition of several percent 
of the powder. A stable, firm incendiary gel can be made from Stoddard solvent 
with 8% of Cab-O-Sil. 

A relatively cool-burning incendiary is white phosphorus. Some of its igniting 
and incendiary properties have been discussed in Chapter 16. Phosphorus by 
itself is an incendiary of limited usefulness, effective only against easily ignited 
objects. 


twithstanding its deficiencies as an incendiary, phosphorus has a certain tac~ 
tical value because of the power of obscuration caused by the volatility of its final 
combustion product, phosphorus pentoxide (P,O.), the spontaneous reignitabili- 
ty of doused, unburned residues and the severity of the wounds caused by burn- 
ing phosphorus when it comes in contact with human skin. Its burning proper- 
ties can be improved by mixing it with synthetic (GRS) rubber. 

The magnesium incendiary bombs of World War I consisted of an alloy of 
magnesium with small percentages of aluminum, zinc and manganese. The use 
of such magnesium alloys goes back to World War I, when an alloy called “Elek- 
tron” containing 13% aluminum and some copper was developed. These addi- 
tions increased the mechanical strength of the magnesium without affecting its 
ignitability. Sometimes, a much larger percentage of aluminum is mentioned, but 
such mixtures ~ the 50:50 alloy for instance ~ are very brittle, and more useful for 
conversion into fuel powder. 


The filler for magnesium bombs such as the 2-Ib. AN-M52A1 and the 4-lb. 
AN-MS50A2 is a modified thermite called thermate-TH3, containing 25% Al, 
44% Ve,O,, 29% Ba(NO,),, and 2% sulfur. A similar mixture with synthetic resin 
binder is called TH4. TH3 thermate is also the filler in the AN-M14 Incendiary 
Hand Grenade. Even though by design this is a grenade for throwing, its main 
function is as an equipment-destroying item that might work more effectively if 
carefully emplaced. 

The small hexagonal magnesium bombs were dropped in clusters, and since 
they are fairly easily rendered harmless by covering with dry sand, an explosive 
charge with variously delayed action was inserted into the weighted base to dis- 
courage firefighting. As an incendiary such a modified device becomes much less 
effective because the burning thermite is scattered. Because the bombs contain: 
ing the explosive had a colored marking at the base, even the intent to inhibit 
counter-measures was in part defeated. 
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Thermite itself (25% Al, 75% Fe,O,) causes an extremely high heat concentra- 
tion and is able to penetrate metal by means of one of its two reaction products, 
molten iron. Steel plates two centimeters thick can be perforated by a properly 
directed stream of the white-hot mass. While thermite can act as an incendiary 
because of its combination of convective or conductive and radiative heat, it is 
more valuable because of these penetrating properties, such as for demolition of 
machinery. Small amounts are too easily quenched to exert the proper persistent 
heat flow necessary for ignition of combustible structures. Because thermite is 
difficult to ignite, nickel may be added (as in Pyronol’*) which promotes the 
thermite reaction through the nickel-aluminum intermetallic reaction. Likewise, 
the addition of barium nitrate and sulfur (see above) in Thermate TH4 serves 
the same purpose by lowering the ignition temperature. Ellern” mentions a ther- 
mite ignition mixture containing barium peroxide. 

‘Thermite is most efficient in its typical manifestations when used without a 
binder. Because of a cooling effect, binders make ignition more difficult and 
cause heat flow away from the substratum. Counteracting this by the addition of 
a stronger oxidizer can partially remedy these faults, but if too much is used, the 
character of the thermite reaction is lost. 

Plain thermite, TH1, in a relatively substantial amount is the ingredient in 
ery ptographic-equipment-destroying incendiary units. Their purpose is the com- 
plete breakdown of electronic equipment by melting, burning, and severing of 
connections of certain classified devices. This task is not as easy as it appears, 
especially on a small scale and when the heat has to be contained, eg, under 
indoor conditions. Where the destruction can be performed by combustion, as 
with security-sensitive information written on paper, celluloid boxes containing 
sodium nitrate are successful, when interspersed between the documents in heavy 
filing cabinets, as the cabinet confines the conflagration. 

Larger quantities of documents can be speedily destroyed by mixing them in 
an open pit, drum, or the like with about 140% of their weight of sodium nitrate. 
The destruction of the paper and also of admixed plastic items is very thorough, 
and any more resistant combustibles are likely to be gradually constimed in the 
large molten residue after the main reaction is complete. Any substantial admix- 
ture of combustible metals such as magnesium or aluminum must be avoided, 
since a disastrous explosion may occur. 

Alkali chlorates can be used in the same manner and are valuable when the 
destruction is on a small scale and where the reaction of the paper, etc. with a 
nitrate might be too sluggish. However, chlorates do not form a substantial 
molten residue, because the alkali chloride is partly carried off by the smoke. 
Admixture of some nitrates may correct this deficiency, and perchlorate may also 
be added to increase oxygen supply. 

A few remarks should be added about testing the effectiveness of incendiaries. 
It is quite appropriate to compare small incendiary units with the help of stan- 
dardized wooden structures of moderate dimensions. They imitate actual condi- 
tions by creating some updraft between vertical parallel boards or by addition of 
horizontal and vertical members of wood of standardized size, cormposition, and 
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moisture content. Similarly, the incendiary may be applied to other material and 
the progression of the fire transfer observed. Miniaturization is likely to give a 
false picture of the actual effectiveness. 


"Tracer Munitions 


The function of tracer munitions has returned to their original tasks of fire 
control, range estimation and marking of target impact, Ze, spotting. Again, the 
reader is directed to the technical literature for information on fire control by 
spotting”. The principal ingredient in spotting munitions is red phosphorus 
(with barium nitrate as an oxidizer) so that the characteristic white puff of smoke 
will serve as a daytime signature. Partial substitution of the phosphorus with zir- 
conium produces a significant flash with day and night visibility. Hence, tracer 
bullets serve a number of functions. They also help to identify nighttime combat- 
ants (owing to their pronounced side visibility), to guide the direction of fire (fire 
control), to estimate range, and, by acting as a delay element, to self-destruct 
munitions”. 

Historically, storability, ignitability and burning time have been recurring prob 
lems in tracer munition fabrication. The endothermic decomposition of metal 
salt oxidizers and the brief exposure to the propellant flame (0.5 to 2 ms) brought 
about the need for special igniters and subigniters as shown in Table 19-1. Fur- 
thermore, the desire to hide the position of the gun at night by delaying tracer 
ignition for a short distance from the muzzle, required the development of so- 
called dim igniters.%”*’ The mechanism of tracer reactions is a complex one, as 
the burning rate and the brightness of the trace increase with the spin rate of the 
bullet but decrease with altitude. The reaction equilibria were examined and it 
was found that the solid phase is principally magnesium oxide. 

One interesting development was a rocket assisted bullet which would theoret- 
ically have the advantage of a flatter trajectory, less recoil, and high impact veloc- 
ity. Such small arms rockets have been proposed as anti-personnel weapons” but 
are currently not in use. 

Smoke tracers which leave a colored smoke trail are used by aircraft gunners as 
practice rounds, the typical trace length being about 600 m. The compositions 
contain about 70% strontium peroxide and 10% each of calcium resinate and cat~ 
echol, the remainder being methylaminoanthraquinone in red smoke trails and 
auramine for greenish-yellow smoke trails. In recent years, the carcinogenic 
nature of the dyes has prompted extensive work on the recovery and disposal of 
pyrotechnic smokes and tracers’. 

Several distinct pyrotechnic compositions are used in combination within the 
tracer munition. These are discussed in Table 19-1. The delay action igniter, T- 
136, is designed to hide the exact position of the gun at night by providing invis- 
ible burning in the bullet cavity for the first 25 to 200 meters. The composition 
contains no metal; the calcium resinate acts both as fuel and binder, also serving 
as a water repellent. The dim igniter, 1-194, provides a slight visibility for the 
gunner at night, whereas the sub-igniter, 1-280, enhances this visibility for day- 
light use. 
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‘Table 19-1. Igniter and Tracer Compositions” 


Component Delay Action DimIgniter Sub-Igniter Red Tracer 
Igniter, 1-136 L194 1-280 R-284 
Strontium peroxide 90 a “8 ~ 
Magnesium - 6 15 28 
1-136 Igniter - 94 85 ~ 
Calcium resinate 10 = “ * 
Strontium nitrate - - & 55 
Polyvinyl chloride = = 3 iy 


A type of tracer was recently described’ which is a variant of an infrared decoy. 
It consists of a tantalum-sheathed coil containing a Si/Pb,O, mixture, which, 
located in the aft end of a surface-to-surface, wire-guided, anti-tank missile, 
serves to provide the bright image necessary for tracking. 
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Chapter 20 
Generation of Smoke 


Screening Smoke 


‘The pyrotechnic generation of smoke is almost exclusively a military device for 
screening, signalling, and spotting. While first encountered on a significant scale 
in World War I, its importance was not realized until early in World War I 
when most of the data known at present were collected. In the last forty years the 
pace of research in smoke formulation has accelerated,’*** both to defeat elec- 
tro-optical devices in all wavelength regions, and to address the problem of toxic- 
ity. Screening smokes are generally white because black smokes are rarely suffi- 
ciently dense for screening. Signal smokes, on the other hand, are colored so as to 
assure contrast, and to be distinct in the presence of clouds and ordinary smoke. 

Smoke has bcen found to aid the daytime observation of tracer projectiles and 
is also useful for tracking space vehicles during launch. Specific smoke tracers for 
training pilots have been produced (see Chapter 19). The .50-caliber M48 spot- 
ter-tracer was developed specifically in order to take advantage of the appearance 
of a smoke puff at the point of impact which happens to persist for a longer time 
than the flash. 

Tiny liquid droplets are often called “mist” or “fog” and solid particles “smoke,” 
but for purposes of obscuration and as signals, ordnance practice is to call all of 
them “smokes.” These zrosolized substances exist in a wide range of particle 
sizes from about 1 ym to 10 pm radius. In smokes for obscuration or as signals, 
0.5 to 1.5 jm is an optimal particle size. 

Such small particles have a slow settling rate, acquire electric charges while 
moving through the air, exhibit Brownian motion, and, of course, are affected by 
air currents. Thus, a cloud of such particles in air acquires what may be called a 
fleeting persistence or “duration” (as distinguished from the duration of smoke 
emission from a smoke producing device). It hovers over the area of its creation 
but is removed and dissipated by wind or thermal updraft, generally before it can 
settle and before the particles can coalesce. 

In military operations, the optical behavior of smokes and more recently the 
dispersion and dissipation of aerosols have become of great importance. Lf light 
of a given wavelength is shone on a smoke cloud the particles of which are of 
approximately the same size, and if the particles mainly reflect or allow its trans- 
mission, but do not absorb it, the result will be the almost complete scattering of 
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the incident light. In sunlight, optimal conditions prevail when the light is nei- 
ther in the line of sight with the observer nor directly opposite him, but at an 
angle of about 45°. The effect is one of screening from view objects and persons 
either in or behind the cloud of smoke or otherwise the aim is to notice the 
smoke cloud, puff, or trail as such. 

The tactical uses of screening smokes and the means of producing them are of 
only limited interest to the pyrotechnist, since his devices can only be effective in 
a relatively small area. However, the second purpose of smokes — the emission of 
smoke clouds or trails as a means of signalling — is well served by pyrotechnic 
grenades, pots, or bursts, especially since various bright colors can be achieved in 
addition to white smoke. 

Such actions as the envelopment of a ship or the hiding and protection of 
troops require large-scale and prolonged smoke emission. In an emergency and 
under favorable wind conditions, a ship may create a smoke cloud by deliberate 
maladjustment of its oil furnaces. However, contrary to what the layman may 
assume, the highly light-absorbing black soot particles and other types of dark 
smoke are less effective than white ones, as the particles in the dark smokes 
absorb light, rather than reflect it. 

A minor use of screening smokes is the protection of orchards from sudden 
temperature changes by reducing the warmth lost by radiation, while at the same 
time the smudge pots furnishing the smoke clouds add some warmth to the area. 

Obscurig smokes are effectively and least expensively made by heating and 
evaporating “fog oil,” a cheap petroleum product resembling thin motor oil. 
White phosphorus (WP) has been measured as being 47 times as effective as oil- 
vapor. The obscuring agent is the combustion product phosphorus pentoxide 
(P,O,). White phosphorus bums rapidly and the heat of its combustion causes 
updrafts (“pillaring”) that tend to negate the obscuring effectiveness. By convert 
ing the phosphorus under hot water into very small pellets (0.5 mm in diameter) 
and coating these with a viscous synthetic (GR-S)* rubber solution, a slower 
developing and hence less casily dissipated smoke is produced from this “plasti- 
cized white phosphorus” (PWP). Both WP and PWP are dispersed by bombs, 
grenades, or by artillery and mortar shell barrages. 

Where screening smoke must be delivered by explosive action, and where at 
the same time smoke screens without fire hazard are desired, “FS” [a solution of 
55 parts of sulfur trioxide (SO,) in 48 parts of chlorosulfonic acid (CISO,H)], is 
cheap and effective though its screening power is only half that of phosphorus. 
“EM” (TCL) is a more expensive product and offers no advantages. Both FS and 
FM become zrosolized droplets only in the presence of water and presumably 
display their power of obscuration best and fastest in humid air. 


HC Smoke 


The only type of screening or obscuring smoke that can be truly called 
pyrotechnic is the so-called HC type. 


* GR-S = Government Rubber Styrene. General purpose synthetic (styrene-butadiene) 
rubbers originally produced in government-owned plants as GR-S. 
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In World War 1, Captain Berger of the French Army developed a mixture of 
zinc powder and carbon tetrachloride (CCI,), which reacted strongly exothermi- 
cally (0.6 keal/g mixture calculated for the product zinc chloride in a gaseous 
state) to form zinc chloride as volatile hygroscopic droplets mixed with carbon. A 
modification of this mixture appeared in World War IL in the United States as a 
Chemical Warfare Specification (CWS) composed of carbon tetrachloride, alu- 
minum and zinc oxide, which was used in the AN-M8 HC Smoke Grenade. 
Because it excluded metallic zinc, it was much more stable, but the use of a thin 
volatile liquid such as carbon tetrachloride in a pyrotechnic item was undesirable. 
Other mixtures introduced the solid chlorine donor hexachloroethane (C,Cl,), 
called “HC,” a term also generally used to describe the smoke mixtures contain- 
ing it. It is a waxy solid, difficult to pulverize, and it has a high vapor pressure — 
but is a great improvement over CCL, in practice. The present formulations con- 
tain cqual or near-equal amounts of zinc oxide and hexachloroethane (HC) with 
aluminum added in various percentages from 5.5 to 9.0. The percentage of alu- 
minum can be chosen to affect the burn rate: under otherwise identical condi- 
tions, the above mixture with highest Al content burns 3 times faster than the 
lowest. The burning time also responds strongly to small amounts of additives 
such as zinc carbonate. The crystalline structure of the zinc oxide also has a 
significant rdle in determining the burning rate. 

HC smoke mixtures react at a very high temperature, bringing the steel canis- 
ters to red heat, and create a luminous fame that may have to be concealed in 
some way for tactical reasons. The smoke itself is greyish-white, attesting to the 
presence of carbon. The amount of carbon is reduced when the aluminum con- 
tent is low. 

The reactions are complex'" but one may assume there is a primary reaction 
between aluminum and HC followed by a reaction of aluminum chloride with 
zinc oxide, resulting in aluminum oxide and zinc chloride. Another hypothesis 
regarding the sequence of events assumes a primary thermitic reaction of alu- 
minum and zinc oxide followed by interaction of the liberated zinc with the HC. 
In either case, the end result remains the same: 


2Al + 3ZnO + C,Cl, - ALO, + 3ZnCL+2C 


This corresponds closely to the formulation for the highest aluminum content 
(9%) for which a heat of reaction of 0.75 keal/g of mixture can be calculated with 
ZnCl, at the standard solid state (otherwise the figure would be 0.54). If we 
reduce the aluminum content to one-third this amount, we arrive at the other 
extreme, a carbon-free reaction: 


2/3 Al + 3ZnO + C,Cl, > 1/3 ALO, + 3ZnCl, + 2CO 


However, a mixture with such low aluminum content yields only a calculated 
heat output of 0.32 keal/g (0.10 for ZnCl, as a gas), and it is no surprise that this 
mixture burns erratically. 

With the exception of the hand grenade, type AN-M8, which contains 500 g 
of HC mixture with a two-minute burning duration, HC smoke devices belong 
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to the largest category of strictly pyrotechnic munitions. The M1 Smoke Pot 
(HC) contains 5 kg, the M5 Smoke Pot (HC) 15 kg of composition, in addition, 
they can be stacked for multiplication of the 5 to 20 minute period of smoke 
emission. First fires suitable for use with HC smokes are discussed in Chapter 
12. 

HC smokes are useful for small-scale or supporting screening action. The 
fumes are somewhat toxic but only slightly imitating, and cause no serious 
adverse effects for short periods of exposure. Smaller screening smoke devices are 
ideal for signalling. An example is the M15 Smoke Hand Grenade (WP) con: 
taining 400 g of white phosphorus — a fairly heavy-walled, bursting munition. 

‘Testing of smoke mixtures for efficacy is difficult.” The best one can do is to 
compare various devices burning simultancously in situations allowing similar air 
movement, by observation from an appropriate vantage point. A really objective 
test is the generation of the smoke under controlled and measured influx of air, 
drawing it through a test chamber where the amount of light scattering between 
a lamp and a photocell can be registered. The so called “standard” smoke is a 
smoke of such a density that a light of 25 cd intensity is just visible when 
observed through a layer of approximately 30 m. The amount of smoke agents 
required to produce one cubic meter of standard smoke is given in Table 20-1. 


Colored Smokes 


Inorganic-~based smokes are rare for signalling, although they are used for other 
purposes (eg., rain making). Ir is possible to create colored erosols by exclusive 
use of inorganic pigments or reactants, but they are generally less practical than 
the ones using organic dyestuffs. Pigment- grade red iron oxide has been used in 
explosive smokes. Shidlovskir™ also mentions red lead, ultramarine blue and 
even cinnabar, the latter being very expensive and of high specific gravity. Pink 
and purple smokes can be produced from an iodate with selected reductants, but 
these are both expensive and high in weight/output ratio. 

Special smokes, as might be useful in spotting munitions, can be made’*! from 
KMnO./Mg. Lancaster” and Ellern™ report that black smoke can be made by 
the admixture of anthracene or naphthalene with potassium perchlorate, or with 
ZnO/AYC,CI,. Leenders'® discusses smokes made with Me/PCI, mixtures. 

Tt is desirable for daytime signalling to have a variety of brilliant colors in the 
form of erosolized organic dyestuffs or of inorganic compounds. ‘These may be 
dispersed by evaporation and condensation of the coloring material, or explosive 
action, furnishing a puff of smoke. Obviously, a puff, streamer, or billowing cloud 
of bright red or orange coloration is not likely to be mistaken for incidental 
smoke from a bursting high-explosive shell or some burning matter ignited acci- 
dentally. Drift signals and float lights are used over water, and they emit both 
smoke and fame; simil arly there is little chance of confusion. 

The simplest way of dispersing dyestuffs having good heat resistance is by 
tamping the dye, mixed with 20% sodium chloride as an extender and coolant, 
into a shell, drillmg a center hole, and filling it with a high explosive such as 
67/33 Baratol. 
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According to information from the Research Laboratory of Picatinny Arsenal,” 
the disadvantage of large-scale destruction of the dye by heat from the explosion 
can be reduced, and the efficiency of color display improved, by reversing the 
asrangement of chemical components. In the colored shell KM152, the dye is in 
the center surrounded by salt, with the explosive charge in the outside layer. The 
smoke cloud results from the expansion following the implosive action. 

The most important colored smokes — both for military and civilian use ~ are 
those in which the dyestuff is gradually evaporated from a mixture of dye and a 
pyrotechnic heat source. The heat source must be cool-burning and gas-forming 
in order to melt the dye while not decomposing it. However, the “recovery” may 
be no more than one-third of the amount of dye in the formulation. 

Dyes that have been used in the United States because of their resistance to 
decomposition by heat and their capability to evaporate and recondense as a bril- 
hant cloud or trail are enumerated in Table 20-2. The standardized smoke for- 
mule in Table 20-3 have been taken from a Picatinny Arsenal report which also 
gives a number of experimental formule, the variation in their burning times, 
and the persistence of the smokes produced. A number of other dyestuffs are 
mentioned in foreign literature, such as indigo, methylene blue, and rhodamine 
B. 

Standard smoke compositions contain potassium chlorate and powdered (“con- 
fectioner’s”) sugar or sulfur as the oxidizer/fuel mixture and varying amounts of 
sodium or potassium bicarbonate as diluent and coolant. Thiourea has been used 
as the fuel in one instance; however, when this compound was used it seems to 
have made the mixture unduly heat-sensitive so that it “cooked-off” toward the 
end of a “hot-soak” at 70° C. In the U.S. patent literature, various special addi- 
tives or substitutions to the basic colored-smoke formulations have been claimed. 
Processing aids such as kerosene (or a very thin lubricating oil) reduce the dust 
nuisance, improve compaction, and lessen the hazard posed by accidental igni- 
tion from friction. 

Calcium phosphate promotes free Sowing of the chlorate and sugar. In some 
formule, both the chlorate and the sugar are specified as containing 39 of mag~ 
nesium carbonate for the prevention of agglomeration, which greatly aids in 
achieving good mixing, A little infusorial earth is effective in preventing lump 
formation in sulfur. Small amounts of such “inerts” ~ siliceous materials, iron 
oxide, graphite — are sometimes added because they promote an even progression 
of the reaction. 

Besides confectioner’s sugar, the more expensive lactose is occasionally speci- 
fied and, exceptionally, other carbohydrates such as dextrin may serve as fuels. It 
is also possible to replace the chlorate with other oxidizers such as ammonium 
perchlorate but this is unusual, since the free hydrochloric acid from its decom~ 
position may destroy some dyes. 


* Now known as the U.S. Army Tank, Automotive, and Armament Command, Arma- 
ment Research, Development, and Engineering Center (ARDEC), Dover, New Jersey. 
For the sake of brevity, and sentimental attachment, the name “Picatinny Arsenal” has 
been retained in this book. 
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Notice that all colored smoke compositions contain potassium chlorate as an 
oxidizer. It is the only oxidizer which acts at low temperatures and assures the 
sublimation of the dye without reacting with it excessively. 

After all that has been said about friction and impact sensitivity of mixtures of 
chlorates with fuels, especially sulfur, one wonders that such combinations are 
specified and can be processed on a fairly large scale. Thousands of tons of such 
mixtures were processed during World War I] and again more recently. This 
indicates that the large excess of fuel material (including the organic dyestuff), 
and the addition of large amounts of pyrochemically inert and phlegmatizing 
sodium bicarbonate, greatly reduce the chances of accidental ignition from fric- 
tion or other causes. These additions do not eliminate all danger. Especially dur- 
ing the initial phases of mixing, the distribution of the active materials may be 
favorable to ignition. 

Another safety issue that must be raised involves the combination of potassium 
chlorate and ammonium chloride in a few smoke formula. This mixture is 
regarded as hazardous because an exchange reaction could form the unstable 
ammonium chlorate, which might become the cause of spontancous ignition. Yet 
Shidlovskii vouches for the harmlessness of some of these mixtures, specifically 
of a composition for grey smoke containing 20 to 30% chlorate, 50% ammonium 
chloride, plus naphthalene or anthracene and a little charcoal. His explanation is 
similar to the one given above for chlorate/sulfur mixtures, viz., the phlegmatiz- 
ing effect of the large amount of a substance which is neither fuel nor oxidizer, in 
this case, the ammonium chloride. 

The buming rate of a colored smoke mixture can be varied widely but is best 
kept in the range between 10 to 40 s/in. Increase in bicarbonate and dye content 
and reduction of chlorate content, in relation to sugar, reduce the burning rate. 
‘The theoretical chlorate/sugar ratio is 1.44:1 for the reaction to carbon monox- 
ide: 


4KCIO, + C,,H,O,, — 4KCI + 12CO + 11H,0 
This yields 0.7 keal/g Qwater taken as liquid), while the complete combustion 
yields carbon dioxide and proceeds at a ratio of 2.85:1: 
8KCIO, + CyH,,0,, — 8KCI + 12CO, + 11H,O 


‘Table 20-1. 
Smoke Agents Required per Cubic Meter of Standard Smoke” 


Phosphorus 0.063 g 
FM + NH, 0.095 g 
Sulfur trioxide 0.10 ¢ 
FS 0.12 ¢g 
HC 0.13 g 
FM (TCL) O16 ¢ 
Oleum 0.16 ¢ 
Crude Oil 21 ¢ 
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‘Table 20-2. Empirical and Structural Formule of Smoke Dyes 


Compound 


1, 4-6is (dimethylamino) anthraquinone 


1, 4-diamino-~ 


2, 3-dihydroanthraquinone 


1-(2-methoxy} phenylazonaphthol 


i-aminoanthraquinone 


1-methylaminoanthraquinone 


1-xyleneazo-2-naphthol 


2-(4-dimethylaminoazophenyl) naphthalene C,,H,,N, 


Formula Structure 


° MOH 


C,H NO, 


C,.8N,O, 


Cebit, 


CLHNO, 


CsH,NO, 


CyH,.N.O 
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Table 20-2. Empirical and Structural Formule of Smoke Dyes (cont.) 


Compound Formula Structure 


4-dimethylaminoazobenzene C..H,N, 
Aaramine O C,H,CIN, 
Benzanthraquinone CyH,O 
Disperse Red 1 C,HLN,O, 
Disperse Red 11 C,,H,,N,O, 
Indanthrene Golden Yellow G.K. C,H,O, 
Solvent Yellow 33 C,,H,NO, 
Sudan 3 C,.HLNO 
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Table 20-3. Typical Colored Smoke Compositions” 


Red i-methylamino anthraquinone 40 
Sodium bicarbonate 25 
Potassium chlorate 26 
Sulfur 9 
Violet 1-methylamino anthraquinone 8.4 
Potassium chlorate 25 
Sodium bicarbonate 24 
1-, 4- diamino-2-, 3- dihydroanthraquinone 33.6 
Sulfur 9 
Yellow XI Solvent yellow 33* 42 
Potassium chlorate 22 
Magnesium carbonate 21 
Powdered sucrose 15 
Green VIE Solvent Yellow 33* 12.5 
Solvent Green 3* 29.5 
Potassium chlorate 24.5 
Magnesium carbonate 17.0 
Powdered sucrose 16.5 


* Solvent Yellow 33 is 2- (2-quinolyl) 1-, 3-indandione, “quinophthalone,” known as 
“quinoline yellow.” 
™ Solvent Green 3 is 4-di-p-toluidinoanthraquinone, also known as “quinizarin green 


BS 


Its heat output is 1.0 keal/g. Since in smoke formule with sugar, the 
chlorate/sugar ratio is generally between 1:1 and 1.5:1 parts by weight, it is clear 
that there is a large excess of actual and potential fuel in the formula and hence a 
better chance for preservation of much of the dye. In formule with sulfur, the 
stoichiometric ratio of 2.5:1 chlorate to sulfur is commonly observed, but here a 
much larger addition of bicarbonate is customary. The reaction of potassium 
chlorate with sulfur furnishes about the same amount of heat as the sugar mix- 
ture, 22, 0.7 keal/g of stoichiometric mixture. 

Only scant data have been published on the heat of sublimation (or fusion plus 
evaporation) of smoke dyes. AMCP 706-187 gives 30.85 kcal/mol (130 cal/g) 
for I-methylamino anthraquinone, a frequently used red smoke dye, and 28.9 
keal/mol (128 cal/g) for 4-(dimethylamine) azobenzene (Sudan Yellow GGA, 
Methyl Yellow, Butter Yellow). Shidlovskii’“ gives 26.8 kcal/mol (110 cal/g) for 
auramine, 21.2 kcal/mol (80 cal/g) for indigo, and 25.3 kcal/mole (180 cal/g) for 
paratoner. Combining the data for heat output from mixtures of chlorate with 
sugar or sulfur, and the heat requirements for the evaporation of the dye (disre- 
garding other heat consumption factors), it is obvious that a large excess of heat 
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is provided. Unfortunately, because of the flammability of the vaporized dye, this 
heat may suffice under unfavorable conditions to convert the bright, billowing 
colored cloud into a miserable, thin, greyish plume of burning dye. In most cases 
this fault occurs only as a temporary interruption of the smoke emission. In the 
case of grenades, it may be caused by dry grass catching fire from the hot fumes 
and igniting the dye, or from burning tape at the vent holes, perhaps even from 
an overheated metal burr at the orifice. In designs where an empty space exists 
between the top layer of the composition (plus first fire) and the orifice, the dan- 
ger of ignition is reduced. 

Colored smoke mixtures are compacted by the usual pressing techniques; the 
inevitable dust and consequent staining (of skin and equipment) make their 
manufacture very unpleasant. 

More serious is the toxic and potentially carcinogenic character of several 
smoke dyes, such as Indanthrene Golden Yellow, the popular red dye methyl- 
aminoanthraquinone, and the much used auramine hydrochloride. This matter is 
discussed more fully in Chapters 2 and 3 of this book. 

Experimental smokes have been formulated incorporating plastic binders in 
solution, in an attempt to minimize the hazards and nuisance factors; they have 
other advantages as well, such as increasing the dye recovery. In one type, intend- 
ed for a drill mine signal, a small amount of binder in a large volume of highly 
volatile solvent forms a pourable slurry with composition that solidifies to a 
spongy mass after evaporation of the solvent. In another, well performing, for- 
mula for a little spotting charge, very firm small pellets compacted at only 400 
kg/em? from nearly dry granules of the mixture, give an excellent smoke. Future 
improvements in colored smokes, based on the conventional reaction mecha- 
nisms, may well lie in this direction. 

Examples of munitions containing colored smoke mixtures are the M18 Col- 
ored Smoke Hand Grenade with 1,300 g of either red, green, violet, or yellow 
mixture and the M130 Yellow Streamer (hand-held) Ground Smoke Signal in 
which (as in certain light signals) a propellant charge is ignited by manual actua- 
tion of a primer and the device begins to produce a smoke streamer when it is 
only about 15 meters above the ground. The burning time is 10 seconds and the 
altitude reached is up to 250 meters. 

The AN-Mk3 Mod 0 Marine Smoke and Illumination. Signal contains both a 
flare and an orange smoke composition of about equal duration (18 seconds). 
However, only one signal must be initiated at a time. Canisters with colored 
smokes (or HC) can be expelled from Howitzer Shells M2A1 and M4, prefer- 
ably close to the end of flight, whereupon the canisters continue along the same 
trajectory: 

While there are a number of uses for colored smokes, the applications are 
fewer than of light signals. A hand grenade with a clay body mixed with 
dyestuff is used to mark persons in manceuvers, and is a color “signal” of sorts. 
Other forms of such personnel marking devices may be used as part of booby 
trap simulators, and, more recently, have been proposed for marking and identifi- 
cation of rioters. The dispersion of invisible marking material that appears under 
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ultraviolet light has been suggested in addition to the use of dyestuffs. Colored 
and white smokes have also been tried for artillery tracers and more recently for 
the tracking of missiles. 

Red and yellow are generally considered the most visible smoke colors, green as 
one of the least; against a background of vegetation in particular, green smoke 
may be nearly useless. 

Since the purpose of signalling smokes is quite different from that of screening 
smokes, the previously described test method designed to measure obscuring 
power is probably not applicable to colored smokes. 


‘Toxic Smokes 


McLain" cites the admixture of DDT or of y-benzene hexachloride to potas- 
sium chlorate and sucrose (58/19/23) for the killing of insects. Gopher bombs 
are generally not SO, generators (as suggested by Ellern”), because SO, is readi- 
ly absorbed by the soil. Instead, a mixture of potassium nitrate and carbon, is used 
in order to generate carbon monoxide. 


Screening Infrared Images 


Electro-optical sensors have brought about requirements for screening smokes 
which are effective against infrared sensors. The ability of an zrosol to screen 
infrared images is dependent upon several parameters, such as the surface reflec 
tivity and the degree of dispersion of the xrosol. Flakes of aluminum or bronze 
6-7 ym in size have been shown to have markedly higher extinction coefficients 
than. does the traditional phosphorus pentoxide”. A contrary view is expressed in 
a Swedish study’® which asserts that the screening action is derived mainly from 
the infrared radiation emitted from the cloud. Toward this end, at least in a high 
humidity environment, smoke from red phosphorus or the reaction between a 
metal and a chlorine donor (HC or FC type) are favored because these derive 
their smoke particles from the exothermic hydrolysis of metallic chlorides (Table 
20-4). 


Toxicity of Colored Smokes 


Tt is now recognized that most of the dyes used in smoke generation are either 
carcinogenic in themselves or may contain carcinogens as impurity: The hazard 
arises not so much from field use as from handling of the carcinogenic materials 
during manufacturing or testing, as repeated exposure increases the risk. 

The problem of replacement of the standard red smoke dye, 1-methyl- 
aminoanthraquinone, with the less toxic Sudan R [1 -(o-methoxyphenylazo)-B- 
naphthol] has been considered’ but not yet implemented. The problem of 
carcinogenic products of combustion is also inherent in diaminodihydroan- 
thraquinone, found in the purple dye, which easily oxidizes to 1,4-diaminoan- 
thraquinone, closely resembling the red dye. The necessary characteristics of a 
replacement for the standard red dye were thoroughly examined by Vigus and 


328 


GENERATION OF SMOKE 
Table 20-4. White Screening Smoke Compositions 
Burning Types” Imploding Type® 


Magnesium ii 13 ial 


Manganese dioxide = 7 30-34 
Zinc oxide 46 47 3 
Red. phosphorus = 7 38 
Polyglycol resin ii 8.7 8.7 
Epoxy resin 6.8 5.3 5.3 
Lead dioxide = = 4 
Dechlorane 25 ~ - 
Hexachlorobenzene = 26 “ 


Deiner,” who conclude that the only candidates acceptable from standpoints of 
, eo iets Papea P 
performance and lack of toxicity are 9-diethylaminorosindone and the aforemen~ 
tioned Sudan R. 


Dispersion of Chemical Agents 


In a manner that closely parallels the creation of zrosals for obscuration. or sig- 
nalling, one can also form 2rosols of chemical warfare agents. As a rule, the 
apent is mixed with a heat~ and gas-producing pyrotechnic mixture, but there are 
cases in which the agent is actually a reaction product of the heat-producing sys- 
tem, Arrangements where a gaseous heat source or gas itself furnishes a separate 
dispersing force are treated in Chapter 22 under gas generators. 

Dispersion of chemical agents by pyrotechnic means has advantages and disad- 
vantages. Where the tactics of dissemination require a multitude of relatively 
small, discrete units, and in particular where the area is not directly accessible to 
the invading forces, the self-contained, compact and reliably functioning 
pyrotechnic canister or grenade is preferable. A large amount of the agent may be 
destroyed in the process, but, as is the case with regular signal smokes, this loss is 
often acceptable. In this respect, the techniques parallel the dispersion of signal 
smoke, Dissemination over large areas, comparable to that of screening smokes, 
cannot be performed economically by such chemical mixtures, and purely physi- 
cal dispersion is the better solution; this is the case with crop dusting. 

The agents considered for pyrotechnic dissemination are pesticides and fungi- 
cides, irritants for riot control and warfare, and highly toxic substances such as 
“nerve gases.” ‘To these must be added certain crystalline cloud-seeding sub- 
stances that promote precipitation of moisture from the air and are useful for 
rain-making, hail prevention, fog dispersal, and even. breaking up hurricane for- 
mations. The production of disinfectant gases such as sulfur dioxide will be treat- 
ed in this chapter as well. 

As to the means of dispersion, the principles and practices of cool-burning 
compositions for colored smokes apply to the dispersion of other agents with 
only slight variations in formulation. 
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Dinitrosopentamethylenetetramine is remarkable “monopropellant” of cool 
and often flameless exothermic decomposition slightly above its melting point of 
203° C. Tt was originally developed in Germany as a “blowing” agent for rubber, 
but has been used in mixtures with pyrethrum, y-BHC or DD. 

Shidlovskii’, citing Russian and British references, divides the agriculturally 
useful thermal mbrtures into insecticides, in which y-BHC, DDT, and others are 
combined with chlorate and anthracene, dicyandiamide, or hexamine; fimgicides 
with 2,3-dichloro-1,4-naphthoquinone (Dichlone, C,,H,CLO,) as the active 
agent; and acaricides (mite control agents) using a compound named tedion 
(tetradifon, C,5H,CL,O,S) in a chlorate-fuel mixture. 

Irritants which affect the mucous membranes of the eyes and the respiratory 
system are used in war and police work to force people out of hideouts or to dis- 
perse crowds. Chloroacetophenone (CN) has long been an effective tear gas 
(lachrymator) and lends itself to dissemination by heat when mixed with sugar, 
potassium chlorate, potassium bicarbonate, and diatomaceous earth, as in the 
M7A1 Tear (CN) Hand Grenade. The effect of CN* can be enhanced and pro- 
longed by mixing with the vomiting and sneezing agent (sternutatory) diphenyl~ 
aminechloroarsine or Adamsite (DM), as used in the M6 lritant Hand 
Grenade, CN-DM. This device employs smokeless powder as the heat source 
and propellant and magnesium oxide as a diluent. The particles are coated with 
boiled linseed oil and further coated with precipitated chalk and nitrocellulose; 
the granules are then highly compacted. 

Recently, these agents have been replaced by the compound chlorobenzyl- 
idinemalononitrile, coded CS, as in the M7A3 Tear Hand Grenade CS. Because 
of its sensitivity to decomposition, this material is mixed with sugar and a little 
wax and water, compressed in pellet form coated with sugar syrup, and dried. 
‘The pellets are then embedded in a modified chlorate/sugar composition. In 
another technique, the powdered CS is enclosed in gelatin capsules, which are 
mixed with the same or a similar heat powder combination. 

lrritants can also be dispersed by explosive force, as in the baseball-sized M25 
Riot Hand Grenades, which are filled with CN or CS. The grenades are made of 
plastic to avoid lethal fragments. 

‘The above-mentioned agents, while unpleasant even in minute concentration 
and extremely distressing in larger doses, generally leave no lasting after-effects. 
Soon after removal from the contaminated atmosphere, complete recovery from 
the effects of CS is prompt, but as little as 1 mg of CS per cubic meter of air will 
irritate the eye. This is less than one thousandth (and perhaps as little as one ten- 
thousandth) the threshold value for chlorine or sulfur dioxide. The psychological 
after-effect of exposure to CS is remarkable: a person who has been exposed to it, 
even though the exposure was not extreme, may relive the burning sensation on 
the lips, tongue, and nose merely by thinking about it. 


“This designation has nothing to do with the chemical symbol CN for the cyanide 
radical. 
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Lethal agents, such as the “poison gases” of World War I, have always been 
dispersed by explosive action, with the exception of the original chlorine gas 
attack of 1915 at Ypres, where commercial cylinders were used. 

Turning from the nastier aspects of pyrotechnic applications to something 
more constructive, the field of creating zrosols to cause condensation of rain 
clouds and fog is now considered. 

Crystals of silver iodide (Ag]) resemble ice crystals quite closely, both belong- 
ing to the hexagonal crystallographic system. As such, they can form nuclei for 
the condensation and crystallization of water in a super-cooled and hence super- 
saturated moisture-laden atmosphere. Lead iodide (Pb1,) behaves similarly, and 
the organic compounds metaldehyde and phloroglucinol (1, 3, 5-trihydroxyben- 
zene) have demonstrated activity in the laboratory. 

‘Two variations of dispersion are possible: the iodides may be present as such 
and dispersed by a mixture of the composite propellant type; or the iodide may 
be produced chemically, via one of several methods. Shidlovskii’™ cites mixtures 
of lead powder with iodine donors such as ammonium iodide, iodoform (CHI,), 
or “todanil” (C,O,L,) mixed with propellant material. The iodates of silver and 
lead have been used as oxidizers with gas-forming binders and heat-producing 
fuel metals. 

While interest in the United States has focused on the aborting of hurricanes 
and to a lesser extent on rainmaking, it appears that the major Russian interest is 
hail prevention. A secondary effect of causing precipitation by cloud-seeding is 
the removal of clouds and fog. 

Snow avalanches prevalent in the Rocky Mountains are caused in part by sub- 
imation of the lowest snow layers with formation of weak fragile layers of crys- 
tals. This “depth hoar” may cause the whole mass of snow above it to break off in 
great slabs. Traces (a few grams per cubic meter) of long-chain organic molecules 
such as 2-octanoal, or the compounds benzaldehyde, n-heptaldehyde, and (less 
effectively) ethylene glycol inhibit ice crystal growth by sublimation and thus 
preserve a strong bottom layer of snow. The effectiveness of avalanche control by 
dissemination of such chemical agents has not yet been conclusively proven. 
However, it is obvious that pyrotechnic dispersion of such chemicals would be an 
ideal way of spreading out these materials in finely distributed form on remote or 
steep mountainsides just prior to the first snowfall, by dropping canisters or 
shooting rifle grenades or artillery shells in areas where potentially hazardous 
snowbanks form. 

A tecent application for pyrotechnics has been the dispersion of metals and 
their compounds at high altitude (of 80 km or more). While one cubic kilometer 
of air at atmospheric pressure weighs one million tons, the same volume at 150 
km altitude weighs no more than 2 kg! In such a rarefied medium, sodium vapor 
dispersed from a rocket will create a large brilliant yellow train visible at cwilight, 
useful for the study of ionospheric winds and temperature. The sodium release 
has been performed a the heat from 8 kg of thermite evaporating 2 kg of sodi- 
um powder mixed with the thermite, at a temperature of 900° C. Oxidation of 
the sodium takes place slowly at such altitudes. An important modification of 
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this technique is the replacement of sodium by barium. This allows the creation 
of barium ion-electron plasma suitable for the study of magnetic field lines. 
Potassium and casium have also been employed for certain explorations. As 
mentioned earlier, the formation of ions from these metals also takes place in 
high-energy flare mixtures and in rocket propellants when the alkali comes from 
oxidizer salts. 

The explosive dispersion of aluminum or the release of trimethyl aluminum at 
high altitude leads to formation not of the familiar ALO, but of the lower oxide, 
AIO, which emits a blue glow useful for temperature measurements. Other stud- 
ies with different goals involve the release of ammonia or nitric oxide. 
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Generation of Sound 


Sound generators have military applications as warning and signalling devices 
and for the training of troops through simulation of the effects of live ammuni- 
tion. Pyrotechnic devices may be used to create battlefield sound and light flashes 
less expensively than can ordnance, and single burst and whistling sounds can 
both be produced in a single device. Either air burst or ground burst effects can 
be obtained. Air burst simulators mimic the explosion of artillery rounds. They 
produce a flash, a puff of smoke and a loud report. Ground burst simulators 
incorporate the whistling effect of incoming artillery rounds. 

Formule and reaction characteristics of various sound-producing pyrotechnic 
mixtures are listed in Table 21-1. 

Pyrotechnic means of creating sound include the “joyful noise” of explosive 
fireworks items described in Chapter 15 and whistling devices. The latter are 
found in fireworks for pleasure as wel] as in a few military items. The strictly util 
itarian explosive sound producers are sometimes identical with fireworks items. 
‘They are parts of weapon simulators that make manoeuvres more realistic, and 
can actually be used for deception of real enemies; a few have been tried as crop- 
protecting “bird deterrents and for clearing airport landing strips of hovering 
birds; others represent a commercial article in the form of warning signals such 
as railroad torpedoes. Various combinations are used for simulation of noises and 
other effects on battlefields and for various catastrophes in the motion picture 
industry. Military salutes might also be included, though their design differs 
from that of the other devices. 

Miltary ne devices employ flash and explosive sound as in the Gunflash 
Simulator (see Table 21-1) in which a whistling sound precedes the flash and 
explosion, and the M117 Booby Trap Flash Simulator. In fact, all flash signals 
function also as auditory signals if operating at a distance not much exceeding 
2000 meters. 

The M80 Firecracker (and the apparently quite similar Navy Mki Mod 0 
One-Inch Salute) are the military counterparts of the civilian “salute” ~ a small 
cardboard cylinder with a piece of visco safety fuse giving about three seconds 
delay. A typical flash cracker mixture contains aluminum, sulfur, antimony sul- 
fide, and potassium perchlorate. The crackers may be attached to a variety of pull 
or pfessure initiators. For the purpose of military protocol, as well as for simmulat 
ed heavy gunfire, various sizes of primed gun cartridges are partially filled with 
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black powder either in loose form or as compressed pellets. A felt wad and a 
closing cup confine the powder charge; obturation of the developed gas and the 
subsequent sudden expansion help i in producing a loud noise. Such a powder 
charge may be guite substantial; in the Blank Ammunition Double Pellet Charge 
for 75 mm Guns or Howitzers, the two pellets combined weigh 400 grams. 

Since the advancing motion of a railroad engine’s wheel on a steel rail is com- 
parable in effect to a glancing sledge hammer blow, a tablet of an interposed 
impact-sensitive pyrotechnic mixture will explode with a report loud enough to 
be heard in the engine cab above the other noises. In the domestic form of the 
well-known railroad torpedo, a chlorate-containing mixture compressed in the 
form of a rather substantial pellet with flat bottom and rounded top is wrapped 
in moisture-resistant paper. Sand particles glued to the bottom and a pair of lead 
or aluminum straps hold the item firmly onto the rail - an important feature, 
since the torpedo must not be dislodged in severe rain or windstorms. 

These torpedoes are handled rather casually, and their impact sensitivity must 
not be excessive. In testing, a 25 Ib drop weight of a certain profile is used, which 
must not set off the explosive mixture when dropped from a height of 20 cm but 
must function (at least on the second try) from 40 cm. The sound level at a dis- 
tance of 6 m should be no less than 105 dB. The torpedo must not disperse any 
damaging fragments (as evidenced by its effect on a denim cloth at 1 m), and 
conditions of water and heat resistance are prescribed by commercial convention. 
Certain foreign railroad torpedoes contain a black powder charge confined in a 
metal capsule and are actuated by a primer. 

Explosive sound rarely evokes a question about the actual mechanics of its 
propagation as an unwanted by-product of the sudden expansion of propellant 
gases in firearms or of explosive action in blasting. The subject seems to be gen- 
erally ignored in books on sound. It only appears rarely in the special literature 
when methods for attenuation are sought where the sound is carried from the 
test site through the air and through the ground to a populated area. While the 
subject is of interest to the pyrotechnic manufacturer either in connection with 
photoflash cartridge testing or while he is engaged, additionally, in some explo- 
sives work, it will not be more than merely touched upon here. One method used 
in gun silencers is to absorb some of the sound waves with fibrous materials of 
the highest possible density, such as steel wool. Muzzle attachments may also 
contain metal baffles. By the same token, heavy steel curtains or sand- and water- 
filled enclosures act similarly on explosives test sites. 


Oscillating or Pulsating Reactions 


‘The most commonly used fuel in pyrotechnic whistles at present is probably 
sodium salicylate. Sodium and potassium benzoates are also popular. These have 
mostly replaced the 3:1 mixture of potassium chlorate and gallic acid, which is 
expensive and quite sensitive to friction and impact. Also largel y abandoned is 

the first eed found useful for pyrotechnic whistles, potassium picrate. This 
functioned either alone (yielding in addition to the whistling noise a plume of 
black smoke) or in conjunction with potassium or barium nitrate, which serve as 
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oxidizers for the excess carbon, so cutting down the smoke. Potassium 2-, 4- 
dinitrophenolate, with its similarity to the picrate, has also been advocated, as has 
potassium hydrogen terephthalate (benzene-1,4-dicarboxylate). The extent to 
which these substances have found applications on a commercial scale appears to 
be limited. 

Typical whistle formule are given in Table 21-2. Caution is advisable with 
these highly active mixtures. All are very sensitive to shock and friction, and 
explosive even in moderate quantities. Of these, however, the potassium benzoate 
composition appears to be the safest. 

Maxwell’s article’ mentions the interesting fact that a pyrotechnic whistle not 
only burns well under water, which is to be expected, but also that the sound can 
be heard above the water, though at greatly reduced intensity. 

A propellant actuated device could undoubtedly be used to produce a whistling 
noise or the noise of a siren by acting strictly as a compressed gas source for a 
suitable acoustical device. This is of little apparent interest, given the existence of 
purely pyrotechnic whistles. 

Studies of whistles are few,'*’* but like other pulsating reactions they depend 
on the variation in reaction rates encountered in layerwise reactions. Changes in 
the burn rate are due to a variation in mechanism. The frequency of the sound 
depends partly on the length of the tube in which the mixture is burned, bares 
in. one case from 5000 Hz at 1 cm to 1600 Hz at 7 cm. Maxwell holds that the 
composition must be contained in a resonating tube so that the flame will be 
forced in and out of the surface by alternate waves of compression and rarefac~ 
tion. 

A somewhat different mechanism is suggested by Wasmann*” in his studies on 
pulsating (strobing) composition (examples in Tables 21-3). He hypothesizes 
multiple compe ting reactions involving magnesium/2 aluminum alloy (magnalium) 
and an inorganic oxidizer: the magnesium is oxidized in a “dark” (non-luminous) 
step, then the aluminum is rapidly oxidized by nitrogen oxides g giving ¢ a flash of 
light. Gol’binder proposes a different mechanism in his studies”, it is dependent 
on physical movement rather than chemical reaction for the observed delay. For 
example, one of his compositions is methyl nitrate in a poly picah bee aed 
the reaction takes place by the methyl nitrate boiling up to the surface where it 
explodes giving noise and light. Thus the pulsating burning is controlled by the 
heat flow from the hot surface of the interior of the mixture. Wasmann’” 
describes a hybrid system which employs alkaline earth perchlorates in the 
matrix. These products smolder for quite long periods of time before giving a 
loud explosion and a flash of color (e.g, Sr(CIO,), gives a red flash). The prod- 
ucts are of little practical interest as they burn for long periods of time, frequently 
blow themselves out, and readily absorb water because of the hygroscopic nature 
of the anhydrous perchlorates. 

Pulsating reaction mixtures were discussed by Shimizu in an article which he 
submitted in March of 1980 to A. Pokorny in Toulouse, France. In part, freely 
translated, he says: 


336 


GENERATION OF SOUND. 


‘Table 21-2. Traditional Whistling Compositions’” 


Potassium chlorate 7% - - - - - 
assium perchlorate - - 76 - 725 - 
Potassium nitrate - 50 é 30 ty 37 
Gallic acid 25 - - ~ - 

Potassium picrate - 50 = * - 63 
Potassium benzoate 4 i 30 a - - 
Potassium dinitrophenolate - = 70 - 

Sodium salicylate ~ - * - 275 - 


“The problem is one of obtaining good pulsating colors. This can 
be achieved by replacing the magnalium with magnesium, but 
then one must guard against the corrosive action of the ammonium 
perchlorate. Corrosion protection is afforded by the admixture of 
a small quantity of potassium dichromate. Stars containing 
ammonium perchlorate are hard to ignite unless black powder 
formulated with sodium nitrate is used as igniter. 

“The quenching of the color flash is caused by being washed out 
by the alumina in the flame. Therefore in order to improve the 
color, one must get rid of the aluminum in the formulation.” 


Pulsating color compositions which meet Shimizu’s criteria are shown in Table 
21-4. The pulsating frequency ranges from 0.5 to 10 Hz, the higher frequencies 
being associated with higher percentages of magnesium. Shimizu has discussed 
pulsating reaction mixtures in detail using copious illustrations and triangular 
graphs”. 

The reader must distinguish these pulsating reactions from the “tremalon” or 
“glitter” effects seen in fireworks, which was exhaustively reviewed by Winokur’®, 
and which is due to viscous droplets dispersed for variable distances behind a 
burning star prior to their flashing. The formulations typically consist of gun- 
powder or its ingredients, flaked aluminum, and antimony sulfide; for more 
information see Chapter 15. 


‘Table 21-3. Pulsating Pyrotechnic Systems” 


White Red Green 

Barium nitrate 65 - 60 
Me/Al alloy 20 18 20 
Nitrocellulose 7 - 2: 
Ammonium perchlorate 5 Z 
Sodium oxalate 3 = = 
Strontium nitrate ee 65 

Dicyandiamide - 8 - 
Potassium perchlorate 3 3 : 
Barium perchlorate - 2 3 
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Chapter 22 
Gas Generators and Heating Devices 


In civilian life, in industry and in a few specialized military applications, apart 
from ignition or destruct systems, it is sometimes convenient to have an intense, 
self-contained, instant heat source available. This type of pyrotechnic gadgetry 
has been encouraged by the development of “gasless” heat compositions. ‘These 
can be confined in fully sealed cartridges, whereby heating not only takes place 
without flame or sparks, but more heat can be transferred in orderly fashion 
without losses through vent holes. Even where such efficiency is not possible or 
not needed, and the heating process is rather uncontrolled, as in some applica- 
tions in welding or foundry practice, the capacity to bring heat to any spot with- 
out the necessity of power lines, gas burners, or welding equipment, can be a 
great convenience. 

Examples of non-destructive applications of pyrotechnic heat are the heating 
of canned foodstuffs, or of water for the preparation of food, by scaled heat car- 
tridges or in double-walled cans; the activation of galvanic cells with solid, 
fusible clectrolytes; auxiliary heat sources for other types of galvanic cells; heat 
cartridges for soldering irons and heat sources for comfort in cold weather; 
means for welding wires, and heat applications at various levels of intensity in 
foundry practice to prevent cooling of top layers of melts or of so-called risers. 

Ellern® mentions the use of quicklime and water as a heat source for food cans. 
This reaction furnishes 0.26 keal/g (CaO), and while not classifiable as pyro- 
chemical, it is said to be able to produce a temperature as high as 450° C - 
enough to set fire to guncotton, sulfur, or wood. 

Mixtures containing iron powder, water, sawdust and activated charcoal in air- 
permeable bags are marketed as heat pads for hand and body warming in winter 
(U.S. Patent No 4,408,355). The United States military has adopted a similar 
device for heating soldiers’ rations in the field. The heater is composed of a mag- 
nesium-iron alloy dispersed in plastic powders, and is activated by pouring water 
on it” 

It is possible, without resorting to the use of highly refractory metal as an 
envelope, to en a heat cartridge that will heat water to near boiling in sec- 
onds, provided that the greater part of the tube remains submerged in the water. 
The strong quenching effect prevents the steel body from melting and since no 
consideration of scorching arises, such a concentrated heat source is occasionally 
permissible. 
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One commercially available, practical pyrotechnic heat source is the fully 
enclosed, primer-activated cartridge. Mixtures of zinc, barium chromate, and 
manganese dioxide are said to be the heat-producing substance. A soldering iron 
is marketed in the United States that uses such a cartridge activated by the pull 
and release of a spring-loaded pin. The inexpensive cartridge furnishes 10 keal 
and is of merit for use in isolated areas where electrical current is unavailable or 
use of a torch flame for heating is impractical or hazardous. 

Also worthy of mention is the heating component of self-vuleanizing tire 
patches, consisting of a cool and slow-burning mixture of potassium nitrate and a 
carbonaceous material such as sugar with some binder. 

The activation of solid-electrolyte cells (thermal batteries) using gasless heat 
compositions has received a large amount of attention. Ongoing work is reported 
biannually in the International Power Sources Symposium, the proceedings of 
which are published by the Electrochemical Society. Thermal battery electro- 
chemical cells consist of an alkali or alkaline earth metal anode, a fusible sale 
electrolyte, and a metallic salt depolarizer. The pyrotechnic heat source is usually 
inserted between cells inked in series for rapid activation. The term “thermal 
battery” does not refer to a single clectrochemical system but to a family of cells. 
The electrodes, the electrolyte and the battery design vary according to the per- 
formance desired. Most thermal batteries use molten lithium chloride-potassium 
chloride cutectic as the electrolyte (m.p. 352° C). The two principal pyrotechnic 
heat sources used in thermal batteries are a paper-type composition of zirconium 
and bariura chromate powders supported on inorganic fibers, and a pressed tablet 
made up of iron powder and potassium perchlorate. 

The Z1/BaCrO, “heat paper” is manufactured from pyrotechnic grade ingredi- 
ents, both having particle sizes of about 1 to 10 pm. Inorganic ceramic fibers are 
added. The mixture is formed into “paper” as individual sheets by a paper-mak- 
ing process. The resulting sheets are cut and dried. Once dry, they must be han- 
dled very carefully because they are very sensitive to static electricity. Heat paper 
has a burning rate of about 10-15 em/s and a heat output of about 400 cal/g. 
Heat paper burns forming an ash with high electrical resistance. Therefore, it 
requires the use of a nickel or iron electrode and intercell connectors. 

Fine iron powder and potassium perchlorate are blended dry and pressed to 
form heat pellets. The iron content ranges from 80 to 88% by weight and is con- 
siderably in excess of stoichiometry. Excess iron provides the reactive pellet with 
sufficient conductivity so that intercell connectors are net necessary. The heat 
output ranges from 250 to 350 cal/g. Burning rates are much slower than those 
of heat paper and the ignition energy required is higher. 

Thermal batteries are initiated cicher by a percussion-type primer or by an 
electrical pulse to a squib. Heat pellets often require an intermediate heat paper 
firing train to carry the ignition from the squib to cach pellet. 

The value of a solid electrolyte battery derives from the fact that the ordinary 
galvanic cell undergoes chemical reactions whether in use or in storage, whereas 
the heat battery is completely dormant until the moment the electrolyte is melt- 
ed. This advantage is somewhat balanced by the transient output of current. 
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Further, such “one shot” devices suffer all the inherent difficulties of establishing 
reliability data that that term implies. 

Pyrotechnics plays a more subordinate role in other galvanic cells of high stor 
age life where the inactiv ity is achieved by separation of the battery proper and 
the electrolyte. In ammonia-activated batteries, pyrochemical heat aids in trans- 
fer of the nehes. and in certain alkaline batteries, a concentrated potassium 
hydroxide solution is projected into the battery cavity with the help of a propel- 
lant-gas cartridge. 

At low ambient temperatures, dry cells and other galvanic cells suffer a voltage 
drop under load, due to polarization. Pyrotechnic heat sources can be employed 
to remedy this problem. Experimentally, one such system consists of cheap, easily 
molded, relatively cool-burning pellets, inserted into metal tubes, which are 
immersed in the electrolyte. The pellets consists of fine iron powder and sulfur 
(64/36%). They are easily ignited and glow at a bright red heat.” 

In United States foundry practice, exothermic compositions called “hot top- 
ping compounds’ are used. Ifa thermite reaction is to be used as the heat source, 
it must be modified in such a way that instead of separating into liquefied layers, 
the whole reacting mass sinters and stays in place. This is achieved by replacing 
all or part of the aluminum with magnesium, the highly pore oxide of 
which permeates the liquefied mass. Such a composition is said to be useful for 
the welding of figminien or aluminum-alloy wire cables. Along the same lines, 
Shidlovskii’* emphasizes, as shown by several drawings in both his second and 
third editions, the usefulness of “magnesium thermite” for welding telephone and 
telegraph wires. He describes a cylindrical pyrocartridge, longitachnally perforat- 
ed and slipped a abutting wire ends while they are temporarily held together 
by a clamp. He also quotes the composition of a special thermite said to be used 
to weld ground wires to metallic structures. An American device used for the 
same purpose is sold under the trade name Cad-Weld. When using it, the 
ground wire is inserted in a hand-held unit resembling a bullet mould, ‘then the 
welding mixture and igniter composition are added. The mould must be held in 
place for about a minute to allow the metal to solidify. In the future, welding or 
brazing by means of a small, self-contained heat source may well be used for con- 
struction and repair in space. 


Gas Production 


‘Vhere are three functions of pyrotechnic gas production: high-pressure gases 
(which perform mechanical work); production of chemicals oe as nitrogen, 
oxygen, or sulfur dioxide; and the dissemination of irritants or toxins. 

Migh-pressure gas producers perform mechanical work such as propelling a 
projectile or rocket, pushing a piston or driving a turbine. Such mixtures should 
be safe to handle, easily ignitable, economica] to use, non-hygroscopic and pro- 
duce a fairly large quantity of gas from a small package. Black powder was ye 
used as the primary high gas pressure producer but it has been replaced by other 
mixtures because black powder leaves a large fraction of solid residue on burning. 
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Gas generators differ from gas-actuated devices only in their output. There are 
basically two kinds of devices: those of short duration, called initiators, which 
produce gas only for milliseconds; and those of longer duration lasting up to sev- 
eral minutes. The distinct characteristics of these systems is that they produce 
high pressures ranging from a low of 4 MPa to a high of 12 MPa. Such devices 
are used for driving turbines, ejectors, cutters, and thrusters. 

Pure gas production by pyrotechnic means may be desirable because the device 
is small and replaces the need for high-pressure storage bottles. 

The science and techniques of gun propellants, rocketry, and explosives are 
separate disciplines, though together with pyrotechnics they have a common 
pyrochemica! basis and involve overlapping phenomena. As a matter of practice 
rather than of formal classification, the following uses of pyrochemcially-pro- 
duced gases are generally regarded as being in the area of pyrotechnics. Moder- 
ately-sized and sirmply-built rockets, cardboard mortars, or integral parts of items 
that propel fireworks or military signals into the air are always regarded as 
pyrotechnic components. Subminiature rocket projectiles and very small control 
rockets for steering missiles and spacecraft in flight may or may not be consid- 
ered as belonging to this category. 

Cartridge-Actuated Devices (CAD), now preferably called Propellant-Actuat- 
ed Devices (PAD), are used for ejection of stores from dispensers or aircraft, and 
for the complex mechanisms of ejection of pilots from fast-flying aircraft or 
astronauts from spacecraft in cases of low-altitude aborts. ‘The major devices are 
classed as removers (retractors), thrusters, catapults, guillotine-type cutters, and 
certain initiators (for operation of other PADs). 

Gas generators for pressurization operate hydraulic accumulators; activate gal- 
vanic cells by forcing alkali solutions into the actual battery; operate fire extin- 
guishers, turbo-blowers, and electric generators; and in late balloon-like flexible 
cells such as emergency flotation bags for military helicopters. They may also act 
as dispersants for finely powdered solid agents (of the type described in a preced- 
ing chapter) or of solutions. In such applications it often appears to be desirable 
greatly to constrict the gas flow from the cartridge. Here, the orifice is kept so 
small that delivery of gas proceeds essentially independently of the geometry and 
resistance of the secondary device. This is called a “high-low” system. While it 
has the advantage that the gas flow can be predetermined and tested indepen- 
dently, the heat losses are large so that more than two and a half times as much 
propellant is required as in standard PADs. A further disadvantage is the possible 
obstruction of the small orifice by unburned propellant slivers or debris from the 
initiation system. The design considerations for PADs in terms of sizing and 
performance were reviewed by Pollard and Arnold. 


Guillotine-type cutters are part of escape and stage separation systems, since 
they sever wires or cables preparatory to implementation of the principal opera- 
tion. Such cutters function in recovery systems to cut parachute shroud lines, 
load lines suspended from high altitude balloons, or anchoring cables of a sub- 
merged moored mine. 
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Explosive switches are devices in which the electrically initiated explosive 
prime ignition charge, assisted by a propellant powder, moves a piston, opening 
and closing electric contacts. Similar action is produced by dimple motors, pis- 
tons, or bellows. Dimple motors work by inversion of a curved flexible disk. The 
movement effected may be as small as 1 mm in a dimple motor against a 4 kg 
load, 8 mm in a piston motor against 10 kg, or 2.5 cm in a bellows motor to 
move as much as 50 kg. In the same group belong explosive valves, which allow 
nearly instantaneous opening or closing of a channel through which gases or liq- 
uids can flow. Perhaps the word “explosive” in such items is a misnomer since the 
small amount of primary explosive acts without destructive effect, in the manner 
of a fast propellant. Added propellant powder may do little more than maintain 
pressurization and prevent reversal of the piston. Explosive valves are part of 
automatic inflation devices on certain life vests, such as those for astronauts. 
Actual explosive force is employed in explosive éolts and nuts. Here, efforts are 
made to channel the explosive force inside a cavity toward a predetermined weak 
spot in order to effect a clean fracture. These items serve the purpose of stage 
separation of multistage missiles. Some act by means of a cutting action from a 
linear shaped charge and others by the expansion of a closed volume which caus- 
es fracture at a predetermined location. Choice of the type may depend on 
whether fragmentation can be tolerated or not. 

The development of PAD started prior to World War I, and research and 
development between the two wars included civilian uses, such as the design of a 
humane cattle killer with a cartridge-operated captive bolt, as well as military 
applications. The greatest boost to the modern PAD came, however, from the 
need for systems that ejected pilots from fast-flying aircraft. This problem was 
given to the Ordnance Corps in 1945 and, together with other parallel efforts, 
led to various systems and designs of actuating devices. 

‘Phe concern addressed here is mainly the pyrochemical means of obtaining gas 
from solid compounds or mixtures. Some details follow on the most important 
gas-forming substances and combinations, ie., black powder, nitrocellulose pow- 
ders, high nitrogen propellants, composite propellants, and high-temperature 
propellants. All of these are in practical use and are either specified for standard- 
ized cartridges or are in the process of replacing older propellants. 

Black powder (gunpowder), the jack-of-all-trades of the fireworks art, is char- 
acterized by versatility, low cost, easy ignitability, excellent fire transfer properties 
at a wide range of temperatures and pressures, and a good stability at elevated 
temperatures. Tt is, however, difficulr to adapt to orderly slow burning progres- 
sion, is low in gas output, high in corrosive residue, and i its smoke is more likely 
to be detected by surveillance. Its manufacture is relatively hazardous and spe- 
cialized. Smaller amounts under good housekeeping conditions are fairly safe. 

Black powder is principally manufactured by the wheel-milling process, 
much as it was two or more centuries ago, although alternate means have 
sometimes been advocated. The individually pulverized salepeter, charcoal and 
sulfur are intimately incorporated in the presence of a small amount of moisture. 
The milled material is then pressed, and the resultant “press cake” is corned 
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(granulated). After finishing and polishing, the powder is usually coated with 
graphite (glazed); then it is graded ~ separated into various er ain sizes. OF the 
nine classes of fineness (detailed in MIL-P-223B), Class 1 is the coarsest and 
Class 8 the finest powder, while Class 9 is called sphero-hexagonal with a com- 
plex shape of 1.5 cm diameter, cach grain weighing 3.54 g. 

The Army numbers are from Al for the coarsest to A6 for the finest; the Navy 
names are Cannon, Musket, FFG, Shell, and FFFG te about 50 mesh, and Class 
6 while the grades Fuze, FFFFG, and Meal correspond to Classes 7 and 8. 

The specific gravity of the coarser grains must be 1.69 ~ 1.76 for unglazed, 
1.72 - 1.80 for glazed powder”. 

Charcoal is not pure carbon but rather presents an undefined intermediary 
state between its organic origin and the element carbon, retaining both hydrogen 
and oxygen. Because of this composition and its high absorption capability, it 
contains as much as 6% water, black powder specifications allow, therefore, a 
maximum of 0.70% moisture. The equilibrium water content varies with the rel- 
ative humidity of the ambient air. At 90% RH, a weight gain approaching 2% 
may be measured but at normal RH (20-60%), the equilibrium water content has 
been given as 0.2%-0.6% and between 80 and 90% RH it is 1.0-1.5%. This 
moisture problem accounts for the deterioration of the powder and sometimes of 
its container under unfavorable conditions. Replaceme nt of charcoal by a purer, 
non-cellular carbon made from sucrose (sugar) is the subject of U.S. patent 
2,415,848, issued to W. H. Rinkenbach and V. C. Allison in 1948. Powders 
made with such carbon are slower buming than regular black powders. 

‘Phere has been much speculation about the reactions that take place when 
black powder burns. Undoubtedly, the products vary with conditions of the reac- 
tion, £2, temperature and pressure. In one older investigation, it was found that 
56% solid residue, 43% gas, and about 1% water were obtained. The solids were 
predominantly potassium carbonate (K,CO,)}, 61%, potassium sulfate (K,SO,), 
15%, and potassium sulfide (K,), 14.5%. The latter might actually be K,S,, since 
the analysis gave also 9% sulfur and several minor products. The gases were car- 
bon dioxide 49%, carbon monoxide 12.5%, and nitrogen 33%, with some hydro- 
gen sulfide, methane, and hydrogen. 

The variability of its reactions (aside from variations in composition) has been 
reviewed by this author in a recent publication”. Further information on black 
ae ris given in Chapter 16. 

he heat of combustion, assuming all combustion products to be the highest 
eee ble oxides, has been given as 1425 cal/g. 

By older standards, black powder has very good heat stability. Its explosion or 
self-ignition temperature has been reported as vary from 180° C to 266° C, but 
some lower and ae data exist, depending on the method of testing. These 
figures do not apply to sodium nitrate powder with higher self-ignition tempera- 
ture, described below. 

The sensitivity to impact is low, friction sensitivity very small, but sensitivity to 
ignition by flame, high. Being a “low” explosive, its brisance as measured by the 
sand test is only 8 g as crushed sand versus 48 g for TNT. 


344 


Gas GENERATORS AND HEATING DEVICES 


By substituting sodium nitrate for potassium nitrate, a slower burning, some- 
what more hygroscopic, less powerful black powder is obtained. Once called “B 
Blasting Powder,” it was used mostly in the form of large compressed pellets for 
shooting coal in underground mining, clay, and shale. 

Historically, the next cate gory of propellant to be developed was the nitrocellu 
lose powders. These are high in gas, low in residue, and adaptable by formula and 
geometry to a wide range of burning rates and pre-determinable burning-rate 
variations in the course of their deflagration. In a special group, certain additives 
make the burning rate nearly independent of the pressure (plateau or mesa burn- 
ing), but this property pertains only to a limited pressure range. Heat resistance is 
only fair, and all NC powders tend to gradual, self-accelerating decomposition, 
especially at elevated temperatures. This, however, can be counteracted up to a 
point by stabilizing additives, 

When cellulose, such as cotton fiber, is nitrated, between two and three nitrate 
groups enter the basic Ce Os group causing between 11 and 14% nitrogen (N) 
to enter the molecule. The lowest nitration with 1196 N leads to products that 
are soluble in numerous solvents. As pyroxylin or collodion cotton, they are part 
of lacquers and plastics, the best-known being celluloid. Not suitable as a propel- 
lant, such material is sometimes of pyrotechnic interest as a binder or as a con- 
sumable structural component that requires very little oxygen for combustion. 

Pyrocellulose and guncotton are more highly nitrated, pyrochemically valuable 
types of nitrocellulose with 12.6 and 13.35% N, respectively. Pyrocellulose is still 
soluble in ether/alcohol mixtures, while guncotton has more limited solubility. 
The two are often blended with each other. Wet extruded, with small additions 
of nitrates and stabilizers, they form the sigle-hase powders. 

By colloiding guncotton with nitroglycerine (glyceryl trinitrate), the double- 
base powders are obtained. tis possible fo process and extrude these without the 
use of volatile solvents. This permits the manufacture of large grains without the 
need for time-consuming removal of solvent and the disadvantage of ensuing 
shrinkage. Such a propellant is first converted into “carpet rol]” (0.080-in. thick 
rolled-up sheets resembling thin rubber mats) and then is extruded in large, 
powerful hydraulic presses located in armored bays. “Ball powder” is prepared 
quite differently, starting from a lacquer-type solution and converting it into tny 
spheres by agitation in an aqueous solution of a colloid. The process is applicable 
both to single- and double-base propellants. 

The ratio of nitrocellulose (NC) to nitroglycerine (NG) in double-base pow- 
ders varies widely and, with it, the energy and behavior of the propellant. The 
double-base propellants M5, M2, M26 and M9 — all found in PADs ~ contain 
15, 20, 25 and 40% NG, respectively. ‘They are solvent-extruded with the excep 
tion of M9, which consists of small flakes. 

No smokeless powder currently manufactured contains as much nitroglycerine 
as did Cordite, with 58%. This once widely used military and sporting powder 
ceased to be manufactured in the 1960s. “Bullseye®,” introduced by Laflin 
& Rand in 1898, and now manufactured by Alliant (formerly the Hercules 
Powder Co.}, is at present the highest NG-content commercial powder, with 
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approximately 40% NG. High NG content in double-base powders contributes 
to erosion of the bores of firearms in which the powder is used; the majority of 
sporting powders have much lower content, viz., 15 to 25%. 

Any solid body of propellant will furnish a decreasing amount of gas per unit 
time when the surface area becomes smaller during combustion at constant burn- 
ing rate. In order to keep gas evolution constant or even increasing, geometrical, 
physical, or chemical means are employed. Perforations in cylindrical grains with 
simultaneous external and internal burning cause the inner surface or surfaces to 
increase while the outer decreases. The result is production of a more or less con- 
stant volume of gas over time. If an external surface is completely prevented from 
ignition, then the increase of the internal one causes progressive burning, ic., gas 
development at an increasing rate. The physical means of such restriction of 
burning is called inhibition and is done by potting, wrapping, or plastic coating 
of the surface. If the conditions of removal of the gases are such that the pressure 
in the chamber or “motor” rises throughout the burning phase, then conditions 
for acceleration of gas-formation rates may occur independently from the geom- 
etry of the powder grain or grains. However, the addition of 2-5% of organic lead 
salts, such as the salicylate or acetylsalicylate, to double-base propellants has the 
curious effect of making the burning rate independent of pressure within a limit- 
ed range, a phenomenon called mesa or plateau burning because of the appear~ 
ance of the pressure/burning-rate curve. Ball powder can be surface treated in 
order to counteract the regressive burning of the spheres. The burning rates of 
NC propellants are somewhat difficulr to compare with ordinary pyrotechnic 
rates, since NC powders perform poorly at atmospheric pressures and their burn- 
ing rate is generally represented in a graph of burning rate us. pressures — about 
750 kg/em’ for regular NC powders and about 75 kg/cm’ for specially phlegma- 
tized, slow burning mixtures. The latter have burning rates below 0.5 cm/s, while 
those of the regular NC powders, both single- and double-base, range from 0.5 
to 1.125 cr/s. 

Nitrocellulose varies in heat of explosion from 734 cal/g for collodion cotton to 
1160 cal/g for a high-nitrogen NC with 14.14% nitrogen, but its heat of com- 
bustion in air declines with increasing nitration from 2606 cal/e for dinitro- to 
2179 cal/g for trinitrocellulose, calculated from 


Heat of Combustion (constant pressure 30° C) = — 4176.7 + 141.26 Neal/e 


where Nis the percentage of nitrogen and the minus sign expresses exothermic 
reaction, 

While all types of nitrocelJulose are thermochemically underbalanced in oxy- 
gen, furnishing CO, CO,, H,O, H,, and N, as products, nitroglycerine is over- 
balanced and yields CO,, H,O, N), and O,. Since the heat of explosion of NG is 
1486 cal/g, double-base propellants profit not only from the higher heat of 
explosion of NG, but also from the reaction of the NC with the excess oxygen. 
Gas volume (water as gas) for both types varies from 900 to 1000 ml/g at Stan- 
dard ‘Temperature and Pressure. Both single- and double-base propellants will 
survive temperatures of 129° C, but such exposure is only recommended for very 


346 


GAS GENERATORS AND HEATING DEVICES 


short periods. The self-ignition temperatures (within 5 seconds of exposure) for 
pyrocellulose, guncotton, and nitroglycerine have been given as 170° to 230° C. 

‘The high-nitrogen propellants comprise mixtures based mainly on ammonium 
nitrate, guanidine nitrate, nitroguanidine, and some more unusual gas-formers 
such as nonexplosive azides, dicyandiamide, 5-amino-tetrazole, and others. ‘This 
group has the highest gas output, leaves little or no residue, and often furnishes 
“cool” gas at slow rates. 

The dec omposition of ammonium nitrate by itself is only a moderately 
exothermic reaction according to the equation: 


NH,NO, > N,O + 291,0 + 8.8 keal (exothermic) 


With an output of 110 cal/g, it is not initiable from ambient temperature and 
is bavely self-sustaining at elevated temperature; therefore, pyrotechnically it is of 
no interest. While it produces a physiologically interesting and useful gas 
(laughing gas’), the reaction is not free from side reactions in which not only 
harmless nitrogen but also undesirable higher oxides of nitrogen appear. Eight 
modes of decomposition have been postulated. ‘These are mostly much more 
exothermic than the reaction leading to N,O, furnishing from 219 to 292 cal/g. 
The same reactions prevail when certain catalysts are added, and in the presence 
of fuels considerably more heat is evolved. Taylor and Sillitto*® describe mixtures 
of ammonium nitrate with 2% charcoal or 12% starch that yield 878 and 860 
cal/g and 909 and 938 ml gas/g respectively, calculated at constant pressure and 
with water considered as a gas. By using cool-burning or hotter fuels, a wide 
range of flame temperatures can be achieved, from 360 to 2000° C, with gas vel- 
umes up to 1350 ml/g. Among fuels mentioned that are also high gas formers are 
ammonium oxalate monohydrate, (NI1,), C,0O,H,O, and nitroguanidine. 

Ammonium dichromate can act as a catalyst for cool-burning mixtures, some 
of which can be cast because they melt below 120° C. 

“Two disadvantages of ammonium nitrate are its hygroscopicity and a erystal- 
structure change that increases its volume by 3.8% at the unfortunate transition 
temperature of 32° C, which is the common summer temperature of 90° F over 
most of the United States. This transition point can be shifted, 2¢, depressed by 
about 20°, but not eliminated, by admixture of 8% of potassium nitrate. 

While ammonium nitrate furnishes the slowest burning propellant-type mix- 
tures, the use of catalysts and fuels increases the burning rate to 0.5 to 1.3 cm/s 
at a pressure of 100 kg/em’, Guanidine nitrate and nitroguanidine are both 
exothermically decomposing materials of similar reactivity and similarly cat- 
alyzed decomposition reactions, without some of the disadvantages of ammoni- 
um. nitrate, though they are less available and of much higher cost. Gas volumes 
on decomposition, by themselves or with admixture of ammonium nitrate or var- 
ious fuels, are also in the same range, about 1000 ml/g. Disclosures by Taylor and 
Hutchison” give examples of these types of propellant. Burning-rate catalysts or 
“sensitizers” claimed are vanadium oxide (V,O.}, cuprous chloride (Cu,Cl), 
molybdic acid, ceric oxide, and others. The burning rates are generally slow at 
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0.1-0.17 cm/s. Nitroguanidine produces hotter gases and presumably higher 
burning rates (ander comparable conditions) than guanidine nitrate. But in gen 
eral these compositions are chosen because of their nonviolent reactions and rela- 
tively cool gas formation, which makes them useful in turbo starters for aircraft 
and for dissemination of pesticides. 

A final matter is composite and high- temperature~ -stable propellants. ‘Uhey will 
probably be needed more and more for supersonic aircraft and space missiles, 
which develop high skin temperatures or encounter extreme environmental con 
ditions. 

Composite propellants, ie, mixtures of oxidizer salts with various plastic 
binders (generally about 25% of the latter), have been touched upon above in 
connection with ammonium nitrate. Plastic binders are pyrochemically quite 
inert until pyrogenic breakdown occurs at very high temperatures; the most tem~ 
perature-stable should be the fluorinated polymers. The stability and temperature 
resistance will then hinge on the properties of the oxidant. From this viewpoint, 
composite propellants using potassium perchlorate should have the best proper- 
ties. The conventional ammonium perchlorate composites will in general with- 
stand 150° C for days and 200° C for hours, while the corresponding figures for 
potassium perchlorate are 50° C higher. A mixture of sodium nitrate, sulfur, and 
rubber, vulcanized by heating, has been patented as a “composite explosive” suit- 
able to replace black powder, and might possibly be a heat-resistant gas former. 

Mixtures of potassium perchlorate and Tycar (acrylonitrile copolymers) not 
only have good temperature stability but seem not to form toxic gases on pro~ 
longed storage. Epoxy resins also have suitable physical properties, but silicone 
resins have proven disappointing. One must always consider that PADs are often 
small devices and their propellants should be available as easily handled extruded 
shapes if at all possible. 

In connection with high temperature — attention has been given to 
actual explosives. As a rule, the so-called high explosives will deflagrate without 
destructive brisance upon ordinary ignition if not extremely confined or burning 
in large amounts. However, they are generally much less heat-resistant than 
azides and styphnates. Exceptions are HIMX, trinitrobenzene (PNB), and Hi- 
‘Temp, a proprietary material based on RDX. 

Commercially available is the explosive ‘Tacot™ of melting point 378° C, at 
which point it decomposes rapidly, while claimed to be stable below that temper 
ature. Under development in government laboratories are compounds that in 
combination with certain plastic binders have cook-off temperatures up to 
550° C. 
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Chapter 23 
Glossary 


The following glossary is modeled on that used by the late Herbert Mlern in 
Military and Civilian Pyrotechnics. The bulk of his material has been retained; 
most of the additions relate to fireworks. Some of Dr. Elfern's introductory 
remarks are even more pertinent now than when first published in 1968: 


Style comes out of love for the written word, which is nurtured 
by copiously reading well-written and preferably nonscientific 
literature. It is marred by grammatical illiteracies (¢his data, his 
phenomena) even though these may parade as “modern usage.” 
Furthermore, the unusual and special word has its place in a spe 
cial field of knowledge and its use is not an unnecessary show of 
learnedness or deliberate obscurity... 


‘The glossary that follows is a collection of words appearing in 
the text (and a few not occurring there) that may be unfamiliar to 
some readers and also to otherwise competent and scientifically 
schooled secretaries... The author has been guided by his own 
preferences, aiming at the pitfalls rather than at comprehensive- 


ness. 

ablation: the wearing away of a surface material by hot gases, 
resulting in protection of the material (such as a nose 
cone) below it 

absorption: the act of “soaking up” and retaining a gas in a liquid or 


a liquid in a solid; also, retention of radiant energy 


accelerating rate 

calorimetry(ARC): — a technique of studying the kinetics of an exothermic 
reaction by measuring the rate of temperature increase 
of a sample confined in a heated adiabatic pressure vessel 

accuracy: closeness to true value; not to be used indiscriminately 
as a synonym for precision, which means reproducibility 


of measurement 
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actuator (explosive): 


additive: 


adiabatic: 


adsorption: 


serosol: 


ambient: 


amine: 


ammine: 


amorce: 


anode: 


atomizing: 


attenuate: 


PYROTECHNICS 


a self-contained power transmitting device which con- 
verts chemical energy into mechanical force. Removers 
(retractors), thrusters, dimple motors and similar devices 
fall into this category. 


a substance added to a basic composition to accomplish 
some specific result. ‘Typical additives include binders, 
catalysts and spark-producing metal powders. 


occurring without gain or loss of heat 


taking up of a gas or liquid by a solid due to surface 
energy. Compare absorption. 


a system of extremely fine droplets or solid particles in a 
gas (usually air); popularly, a cloud of relatively coarse 
liquid droplets from a pressurized spray can 


surrounding on all sides; used mainly for the existing 
“normal” conditions of temperature and pressure in a 
terrestrial environment. Its use implies Gf not stated 
otherwise) that the object itself has reached the ambient 
condition. 


an organic compound containing the -NH, group, such 
as ethylenediamine 


a part of an inorganic coérdination compound contain- 
ing the NI], molecule, such as tetrammine copper (11) 
chlorate 


a toy cap of the type used in cap pistols. This term is 
derived from the French and is mainly seen in Europe. 


in electrolysis or electroplating, the positive electrode 
toward which the negative ions move. In a storage bat- 
tery or a cell which is generating current, the negative 
terminal is called the anode. 


refers to the conversion of molten metal, by a blast of air 
or inert gases, into tiny spheroidal droplets which form a 
powder on solidification 

generally, to weaken, reduce or mitigate. In electronics 


the term has a specialized meaning. 
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autodxidation: 


auxiliary: 


average: 


ballistics: 


bandoleer: 


batch: 


Belleville spring: 


Bickford: 


billion: 


black body: 


GLOSSARY 


fairly rapid combination with atmospheric oxygen under 
ambient conditions 


thus, although frequently misspelt “-1I-” 


strangely derived from the French word avarie or ship- 
wreck, indicating the early relation of statistics to insur- 
ance underwriters. In modern statistics the term “mean” 
is preferred. 


the study of the motion of projectiles. “Internal ballis- 
tics” refers to phenomena which occur within the bore 
of a weapon; “external ballistics,” to those occurring after 
the projectile is in free flight. 


a belt having loops or pockets to hold small-arms 
ammunition or similar items, to be worn over the shoul- 
der 


see lot 


a curved, resilient piece of steel or plastic, usually circu- 
lar, sometimes with a center hole. It is used as a spring 
tension washer, or, arranged to flip over, as the driving 
force on the percussion primer of an antipersonnel mine 
or for other similar purposes. 


after William Bickford (1774-1834), of Tuckingmill, 
Co. Cornwall, England, its inventor - a type of 
pyrotechnic delay fuse consisting of a core of specially- 
formulated black powder around which is spun textile 
fibers, over which in turn may be further layers of textile 
(called countering), coatings of asphalt, gutta-percha, 
lacquer, or outer wrappings of cloth tape. Compare safety 
fuse. Not to be confused with Primacord-Bickford, Igni- 
tacord-Bickford, Cordeau-Bickford, and other blasting- 
related products manufactured by companies established 
by, or licensed to use the name of, Bickford. 


represents the magnitude of 10’ in the United States but 
10” in many other countries, and for this reason should 


be avoided in scientific terminology 


an idealized concept of a solid radiating substance 
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black powder: 


black shell, 
also blind shell: 


blasting cap: 


blasting powder: 


bombette: 


booby trap: 


bottom shot: 


bouchon: 


PYROTECHNICS 


generally, a mixture of potassium nitrate, charcoal and 
sulfur. A very intimate mixture in a ratio of approxi- 
mately 75/15/16 or 6/1/1 is the most energetic, and is 
the type implied when the term gunpowder is used. 
Other mixtures, in different ratios or not as well incor- 
porated, are used for a wide variety of purposes. Variants 
which lack sulfus, or which contain sodium nitrate, may 
also be considered black powder but the difference is 
usually specified. 


a firework shell which leaves the mortar but fails to burst 
in the air 


a small metal tube containing a primary explosive that 
detonates from an electric bridgewire or from safety 
fuse, for the purpose of initiating a high explosive 


a term properly applied to industrial grades of milled 
and granulated black powder, as opposed to sporting or 
military grades. Today black powder is hardly used in 
commercial blasting operations, although it is still pre 
ferred for quarrying some kinds of stone. The term 
“blasting powder” is often loosely applied to commercial 
high explosives as well. Also, before dynamite and simi- 
lar agents became common, there were various propri- 
etary mining powders, some of which contained chlo 
rates, barium nitrate or other oxidizers. In reading old 
accounts one should not always assume that black pow- 
der was being used. 


a miniature freworks bombshell used inside a larger 
device, especially in a Roman candle 


a concealed antipersonnel explosive charge, set off unex~ 
pectedly by such means as a trip wire, pressure, or the 
opening of a door. If concealed underground and actuat- 
ed by being stepped on, the device is called an antiper- 


sonnel mine. 

a final heavy report in a cylindrical firework shell 
(French, cork, stopper) a closure in a grenade or similar 
device, hence, Aouchon fuze, a pressure release type fuze 


installed on a hand grenade 
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bounce: 


braze 
(brazed, brazing): 


bridgewire: 


brisance: 


Bruceton test: 


burning rate: 


cake: 


calorimeter: 


canister: 


cannonade: 


GLOSSARY 


a mild report charge, typically black powders, placed in 
the end of a tubular firework such as a serpent or foun- 
tain 


to solder with a nonferrous metal that melts at a lower 
temperature than that of the metals being joined. One 
often sees this spelled “braise”, something which should 
not be done to gun parts or other ordnance materials, as 
they hardly ever become tender enough to cat. 


a resistance wire incorporated into an ignition clement 
attached to the leads of an electric igniter or electro- 
explosive device 


the shattering effect of an explosive ~ adjective, érisant 


a method of sensitivity testing to estimate the mean and 
standard deviation from a limited number of samples, 
also called the “up and down” method. The testing is 
carried out at evenly spaced levels around the mean. 


usually measured in inches per second, m/sec, mm/sec or 
similar units. The inverse, ze. sec/in, or the total burn- 
ing time, should not be called burning race. 


(fireworks) a battery device which consists of multiple 
tube items (such as fountains and small mortars) made 
into a bundle and intended to be sold as a unit 


a device for measuring heat of combustion (under com- 
pressed oxygen or with sodium peroxide), or heat of 
explosion (under an inert gas such as argon). The latter 
is used for propellants, explosives and pyrotechnic mix- 
tures, which react without outside oxygen. A colorimeter 
is a machine which measures color, usually absorption at 
a specific wavelength. 


a metal can for hand-thrown chemical munitions, typi- 
cally about the size of a beer can; often misspelt “cannis- 
ter” 

in fireworks, an erial device which produces multiple 
loud explosions, generally without precise intervals 
between them 
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catalyst: 


cathode: 


celebration string: 


chain: 


chaleogen: 


chemilauminescence: 


choke: 


chrysanthemum: 


cigarette-type 
burning: 


classification: 


PYROTECHNICS 


strictly, a substance that promotes a chemical reaction 
but is not changed in the process. More broadly, the 
term is applied to almost any substance used in relatively 
smal] amounts to promote a reaction. 


the electrode at which reduction takes place, by conven- 
tion deemed to be negative 


a roll of Chinese firecrackers, usually of different sizes, 
designed to be unrolled and suspended before igniting 


a group of firework items, such as shells, exploding 
devices, or waterfall cases, connected by piped match 


an element in the oxygen family, ie., sulfur, selenium or 
tellurium 


light emission from a chemical reaction, not ascribable 
to incandescence (¢.v.).’This phenomenon produces lit- 
tle or no heat and is commonly called “cold light.” 


a constriction in a case charg ged with pyrotechnic com- 
position. [t may be made by “pulling in” the paper case 
while still damp from rolling, by pressing a clay washer 
in it, or by crimping a metal washer in place. Chokes are 
used in many types of rockets (where they are some- 
times, incorrectly, referred to as venturis) and also in 
gerbs (9.%.). 


a spherical firework shell which produces a globular pat- 
tern of tailed stars. A similar shell in which the stars do 
not leave tails is called a peony. The general Japanese 
term for hard-breaking ball shells of this type is war7- 
mono (9.2.). 


a linear progression of the flame or glow front in a col- 
umn of solid reactants 


arranging information into groups of restricted availabil- 
ity with the intention of safeguarding national security. 
In ascending order of severity, the present U.S. labels 
are: confidential, secret, top secret. Formerly the lowest 
level was “restricted,” but this term no longer has official 
status. 
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comet or comet star: 


comminute: 


compatibility: 


composite propellant: 


composition: 


cordite: 


erackle: 


GLOSSARY 


a cylindrical pellet of streamer composition, used in 
many firework applications and occasionally in military 
signalling pistols 


to pulverize, triturate or break up into small particles 


absence of unwanted interaction of the components in 
chemical mixtures, either with each other or with adja~ 
cent materials (NOT “-ability”) 


a solid propellant that contains an inorganic oxidizer salt 
plus a plastic binder, which also serves as a fuel 


broadly, any pyrotechnic or explosive mixture, as 
opposed to a discrete chemical compound such as TNT. 
In the military the term is especially applied to a 
castable or moldable explosive containing more than once 
ingredient, such as “Composition B” or “Composition 
C4" 


an obsolete double-base smokeless propellant, which 
was extruded in the form of long strands. It was devel- 
oped by the British government in 1889 for the .303 
service rifle, and was also extensively used in a family of 
powerful sporting rifles known by the term “nitro 
express.” Coarser varieties of cordite were employed in 
cannon. The original version contained 58% nitroglycer- 
ine, and although very powerful, it was also very erosive 
to rifle bores. Cordite has not been manufactured since 
the 1960s. Unfortunately the word holds a fascination 
for popular writers, who misapply it to almost any 
“nitro” or “smokeless” powder. To complicate matters 
there was also a “revolver cordite,” chopped into short 
pieces, which bears a physical resemblance to some 
modern single-base powders. 


a firework effect produced by embedding small explosive 
granules in a matrix of black-powder-based composi- 
tion, as in a fountain or a comet star. The granules typi- 
cally contain magnalium and a meta! oxide. Coarsely 
ground magnesium/aluminum alloy alone may also pro- 
duce a crackling or sizzling sound, but it is not as loud. 
Different crackling preparations may be used for the 
cores of round stars. 
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critical material: 


crossette: 


deflagration: 


delay: 


deliquescent: 


demil (to): 


destruct system, 
also, to destruct: 


detent: 


deterrent: 


detonation: 


PYROTECHNICS 


something which may not be available in sufficient 
quantity in the event of war 


a firework comet (g.c.) which contains a small explosive 
charge to make it split into several pieces at mid-trajec- 
tory 


the rapid burning of a compound or mixture without 
detonation (¢.v.). Some confusion exists regarding the 
use of the word deflagration to characterize non-deto- 
nating explosives. It might be preferable to restrict the 
term to fast exothermic reactions that are not regarded 
as explosions, but in practice, “deflagration” is used for 
both. 


a device for timing sequences of events. Besides being 
purely pyrotechnic, delays may be mechanical, electronic 
or physico-chemical. 


tending to liquefy; specifically refers to very hygroscopic 
materials which attract enough moisture from the air to 
be at least partially dissolved 


(from demilitarize) to break down outdated, obsolete, or 
surplus munitions to their components, which then may 
be recycled or otherwise disposed of in an appropriate 
manner 


modern “back-formations” from the word destruction, 
signifying the means to destroy a military item in order 
to render it harmless, or useless to an enemy 


a device that locks and unlocks a mechanism, such as 
the flip-over lever on certain booby trap release designs. 
The “safety” on an ordinary hammerless firearm is also a 


type of detent. 
a surface treatment for a solid propellant, which reduces 
initial burning rate — essentially a synonym for 
Pern 

inhibitor 
a type of explosion of the highest rate of propagation, 


accompanied by a shock wave. It is often defined as a 
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detonator: 


diaton LACOOMS earth 3 


diluent: 


discreet/ discrete: 


double-base 
propellant: 


draw-out shell: 


drift signal: 


driver: 


GLOSSARY 


rate of propagation which exceeds the speed of sound in 
the same material. The word detonation should not be 
used indiscriminately: a deafening “bang” does not sig- 
nify detonation merely because of its loudness. Detona- 
tion is also called “high-order” explosion, in contrast to 
“low-order” explosion produced by mere expansion (as 
occurs with black powder). 


a more general term than dlasting cap (g.v.) for an explo- 
sive initiating device, which in turn may be initiated by a 
primer, fuse or other source of heat input 


a rather bulky natural material consisting of the silica 
“skeletons” of tiny marine organisms; also called infiseri~ 
al earth and (rarely) diatomite. Fuller's earth and bentonite 
have somewhat similar properties, but are chemically 
types of clay. 


an inert or nearly inert substance, used to add volume or 
to reduce the rate of a reaction. In dry pyrotechnic mix- 
tures, typical diluents include silica and sawdust. In lig- 
uids such as lacquer or binding solutions, a diluent may 
be a liquid which is compatible with the solution but has 
poor solvent properties by itself. 


One should use discretion in keeping the meanings 
straight, as in “discrete oxidizer particles,” but “be discreet 
in talking to strangers about military pyrotechnics.” 


a propellant containing two active ingredients, specifi- 
cally nitrocellulose and nitroglycerine. There are also 
single- and triple-base propellants. 


a cylindrical frework shell which contains four timed 
reports, with or without stars, in the first break; this is 
followed by another full-sized shell break and finally a 
heavy report 


see float signal. 


a tubular device containing rammed composition, used 
to impatt motion to a fireworks piece such as a wheel 
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DTA/DDTA: 


dummy: 


electric match: 


endothermic: 
enthalpy: 


entropy: 


envelope: 


environmental 
testing: 


PYROTECHNICS 


differential thermal analysis; derivative differential thermal 
analysis: test methods, both of which involve gradual 
heating, for pyrotechnic mixtures 


a nonexplosive item resembling a round of ammunition, 
a bomb or the like, designed for demonstration, 
camouflage, or training. Ie differs from an imerf muni- 
tion, which is an actual, potentially usable iter that does 
not currently contain any “live” materials. 


a device for the electric actuation of pyrotechnic or 
explosive articles, consisting of a smal] quantity of com- 
position, electric leads, and usually a “bridgewire” of 
high resistance, which is raised to sufficient temperature 
to ignite the composition by the passage of an electric 
current through it. “Non-bridgewire” electric matches, 
relying on the partial conductivity of the pyrotechnic 
composition used, are also made. Electric matches are 
components in a variety of electric initiation devices, 
such as electric blasting caps and electric squibs. Collo- 
quially, electric matches are themselves sometimes called 
squibs; but a true electric squib contains pyrotechnic 
composition in addition to that of the match head. 
Compare squib. 


proceeding with absorption of heat 

in thermodynamics, a term meaning total heat energy 
an index of the degree to which the total energy of a 
thermodynamic system is uniformly distributed and is 
thus unavailable for conversion into work 

a casing or container, specifically, a thin one like those 


used in flares 


refers to the exposure of military iterns to climatic, 
mechanical and other external stresses — does not neces- 
sarily imply testing for toxic pollutants or other adverse 
effects 
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éprouvette: 


equation of state 


(EOS): 


exror. 


eutectic: 


exothermic: 


exploding bridgewire: 


explosive switch: 


feasibility study: 


field expedient: 


fireeracker: 


GLOSSARY 


among the earliest quantitive measurement tools in 
pyrotechnics, éprouvettes were introduced as early as the 
sixteenth century for testing the strength of black pow- 
der. Several forms exist, e.g., those of Furttenbach and of 
Saint-Rémy; usually the term denotes a black powder 
tester, but it may also be applied to devices for testing 
other explosives, eg., Nobel’s mortar.” 


the relationship between variables of state in a thermo- 
dynamic system, Ze. pressure, density, and temperature 


in statistics, not the same as a mistake: errer pertains to 
deviation from a true value, and may be unavoidable 


of the possible mixtures of given substances, the one 
having the lowest melting point 


occuring with release of heat; of compounds, having 
been formed frorn the elements with release of heat 


a bridgewire functioned by a high-energy capacitative 
discharge, capable of initiating secondary explosives or 
pyrotechnics without the need for a primary explosive or 
igniter 


a small self-contained, electrically intiated device that 
causes one or more electric circuits to be opened and/or 
closed by “explosive” or propulsive action 


amuch misused and over-used term which denotes the 
determination of the practicability or advisability of a 
device or technique for an intended purpose 


a material or device, usually an explosive or other 
weapon, that can be made by simple means from readily 
available substances, especially behind enemy lines or in 
guerilla warfare 


a fireworks device consisting of a paper case containing 
an exploding mixture and a fuse to ignite the same, 
designed to produce a single loud “bang” without other 
effect, compare salute, report. “Crackers” do not always 
mean firecrackers of this type; in British references, they 
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first fire: 


flash powder: 


flechette: 


flight: 


flitter: 


float signal: 


flower pot: 


PYROTECHNICS 


often signify a type of long paper tube, filled with fine- 
grained blackpowder and folded in a zig-zag pattern, 
intended to produce a series of mild reports. “Firecrack- 
ers” is a term often vulgarly used to encompass all fire- 
works. This usage is to be discouraged. 


a pyrotechnic composition used to propagate fire to a 
more difficult-to-ignite composition; similar to, but not 
the same, as a prime (g.v.) 


a pyrotechnic composition, usually containing aluminum 
or magnesium (but also occasionally titanium, zirconi- 
um, or other more exotic metals) used to produce a 
bright flash for illumination of a photographic subject 
(compare photoflash) or in fireworks, for a flash-and- 
sound effect 


a dart or small fin-stabilized missile, usually intended to 
be fired from small arms or dispersed by explosive 


(noun) in fireworks, a group of similar devices (such as 
rockets) fired simultaneously; a volley 


i: a type of coarse flake ahiminum; individual flakes are 
large and visible to the naked eye, eg, 30-80 mesh is 
considered a “fine flitter,” 12-40 mesh a “coarse flitter.” 
2: a firework effect characterized by combustion which 
forms a glowing semi-reacted dross, this semi-reacted 
dross, as it falls through or is propelled through the air, 
reacts to completeness, emitting flashes. Fitter is the 
American term for this effect, glitter the corresponding 
British usage (though widely adopted in the United 
States in recent years). Compare glitter, frematan, 3: 
erroneously, a firework effect made with a composition 
containing aluminum flitters; a tailed star with a metal 


fuel. 


a light- and smoke-producing day and night marker, 
which can be dropped from aircraft as a reference point 


(in fireworks) 1: a traditional kind of fountain, which 
contains lampblack and produces a distinctive form of 
sparks known as “spur fire;” 2: the upward spray of stars 
and other burning material produced when an arial shell 
explodes in its mortar 
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fluorine: 


formula: 


formulation: 


frangible: 


fulminate: 


functioning time: 


fuse: 


fusee: 


fuze: 


GLOSSARY 


a candidate for top honors in a misspelling contest, 
along with derivative words such as freeride and _fiuoro- 
carbon, 


i: a prescription; a recipe ( Webster’). 2: an expression for 
the chemical composition or constitution of a substance, 
using the standard notation introduced by Berzelius and 
later modified; as, for example, the formula of potassium 
chlorate, KCIO, 


the act or result of formulating (Weéster’s). Since to for- 
mulate is to reduce to, or express in, a formula, a recipe 
can be among the results of formulating. Recent] y, the 
fashion has arisen of referring to a recipe as a formula- 
tion, and of confining the use of formula to the second 
sense defined above. This pedantry has no basis in sound 
English usage and is to be discouraged on the principle 
of parsimony. 


tending to break up into powder or small fragments; 
brittle. Some materials of this type are relatively strong, 
as opposed to those considered friable. 


strictly, a salt of fulminic acid (HONC), sometimes 
called paracyanic acid. More broadly, especially in older 
literature, the term is applied to almost any easily deto- 
nated material and is essentially a synonym for primary 
explosive. 


the elapsed time between application of initiating energy 
and the desired effect 


an ignition device in the form of a cord or tube that 
contains a pyrochemical mixture. Specific types inclide 
safety fuse, quickmatch, and the twisted tissue paper 
fuse found in Chinese firecrackers. 


a warning flare; also, a special variety of match, the head 
of which has a long burning time and is difficult to 
extinguish 


an igniting or detonating device, particularly in a mili- 
tary shell, bomb or torpedo. Use of this spelling implies 
a mechanical or electrical component, rather than a 
purely pyrotechnic delay (compare fixe). 
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Rage: 


garniture: 


gasless: 


gerb: 


girandola: 


glitter: 


grain: 


grain powder: 


gram: 


PYROTECHNICS 
an accepted variant of gauge - “guage” is never correct. 


device carried by an erial firework such as a shell or 
rocket. Common garnitures include stars, whistles, hum- 
mers and reports. 


denotes a pyrotechnic mixture that reacts with the 
release of minimal amounts of volatile matter; few if any 
are truly gasless 


(French, wheat-sheaf) A firework consisting of a choked 
paper tube charged with a spark-producing composition, 
designed to be fixed to the framework of a set-piece to 
produce a spray of sparks. Also sometimes spelled gerbe. 


A fireworks wheel intended to be fired in an horizontal 
position, with drivers so positioned to provide both rota- 
tion and lift, so that the wheel rises from its firing posi- 
tion into the air; it may rise and fall with several suc- 
ceeding groups of drivers, and may conclude with a dis- 
charge of stars or garnitures. Girande is often seen in 
French works with another meaning, namely a flight of 
rockets at the end of a display. 


a firework effect characterized by combustion which 
forms a glowing semi-reacted dross; this semi-reacted 
dross, as it falls or is propelled through the air, reacts to 
completeness, emitting flashes. Primarily a British 
usage, though increasingly current in the United States. 
See fitter, def. 2., and fremalon. 


1: a unit of weight which is the same in the avoirdupois, 
apothecaries’ and troy systems of measurement, equiva- 
lent to 64.8 milligrams 2: (in rocketry) a single piece of 
solid propellant, regardless of size 


black powder which has been formed into hard granules 
~ for all practical purposes, synonymous with gunpowder 


Unfortunately, different abbreviations are in use for this 
basic metric unit of mass: g is most frequently used, but 
also g., gm and Gm. One that should NEVER be used is 
gr, the correct abbreviation for grain. 
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grenade: 


gum: 


guncotton: 


gunpowder: 


hammer shell: 


hangfire: 


CGSLOSSARY 


a small explosive, pyrotechnic or chemical missile, either 
thrown by hand or propelled from a special launcher, 
such as an adapter unit attached to a rifle 


the generic name given to a group of amorphous carbo- 
hydrates having the general formula (C,14,,0.),,, occur- 
ring in almost all plants. They are entirely soluble or 
soften in water, forming with it a thick glutinous liquid 
or mucilage. The term is often incorrectly or colloquially 
applied to resins, as in “red gum,” “gum rosin,” or oleo- 
resins, as in “gum turpentine,” etc. The problem is com- 
pounded by the existence of gum-tesins, in which water- 
soluble carbohydrates are naturally mixed with true 
resins, and by oleo-gum-resins, in which these compo- 
nents are present together with an organic solvent or 
volatile oil. Compare resin. 


a high-grade nitrocellulose containing 13% or more of 
nitrogen, insoluble in ether-alcohol but soluble in ace- 
tone and in ethyl acetate 


strictly, an intimate mixture of potassium nitrate, char- 
coal and sulfur, which has been milled and granulated to 
maximize performance. Compare black powder. In mod- 
ern times the term has been broadly applied to smoke- 
less propellants as well. However, the simple word gun- 
powder implies the original black, especially in Great 
Britain and Commonwealth countries. In this context 
“meal-” or “mealed gunpowder” is valid, even though it is 
poorly suited for propelling shot, because commercial 
meal powder has been through the same manufacturing 
processes. Likewise, although it is not intended for 
firearms, “sulfurless gunpowder” has been milled, pressed 
and crushed. Black powder variants which have been 
mixed by simpler methods burn much more slowly than 
true gunpowder. 


an erial shell which releases smaller color shells and 
reports, timed to explode alternately. Instead of color 
breaks, a hammer shell may contain two different kinds 
of reports, such as flash and dark reports, or colored 
flash. 


unintended delay in the ignition of a munition or 
pyrotechnic device, usually followed by normal perfor- 
mance 
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hermetic: 


high explosive: 


howitzer: 


Hugeniot: 


hydrophilic: 


hygroscopic: 


hypergolic: 


Iditol: 


igniter: 


illuminant: 


PYROTECHNICS 
airtight, also, impervious to other gases 


a material capable of true detonation (g.v.). High explo 
sives are based on the dissociation of chemical com- 
pounds such as organic nitrates, arornatic nitro com- 
pounds, or nitroamines, rather than the combustion of 
inorganic oxidizers with fuels. Some explosives contain 
all three pypes of ingredients, and one component may 
serve more than one réle. 


a weapon that fires its projectile with more velocity than 
a mortar, but lower velocity than a full- -leagth cannon of 
the same caliber. Typically a howitzer is fired at greater 
elevation than a cannon, but at less elevation than a 
mortar. 


also called the Rankine-Hugoniot equation, relates the 
change of energy across a shock front to the equation of 
state of the material. The EOS of shocked material is 
tabulated in the literature® "*. 


having a strong affinity for water, swelling or dissolving 
in it (opposites: Aydrephobic, also lipophilic) 


readily absorbing water, especially from the atmosphere 
(not “hydroscopic”) 


refers to a propellant combination that ignites sponta- 
neously when the fuel contacts the oxidizer. This word is 
derived from a German World War I code word, “gola.” 
‘The noun Aypergol is occasionally seen. Similar coinages 
such as “propergol,” “monergol,” “katergol” and “lither- 
gol” are used in Germany, but rarely in English-speaking 
countries. 


trade name for a Russian synthetic resin of the novolac 
(gv) type, mentioned by Shidlovskii™. It should not be 
confused with idite/, a coramon or trivial name for 1, 2, 
3, 4, 5, 6-hexanchexol. 


usually refers to an ignition device which is electrically 
initiated (not “ignitor”) 


a pyrotechnic mixture specifically formulated to produce 
light 
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implosion: 


impulse: 


imeandescence: 


incendiary: 


initiator: 


in situ; 


intense/intensive: 


iso-: 
isobaric: 
isochoric: 


isochronal/ 
isochronous: 


kamuro: 


GLOSSARY 


the opposite of explosion; an inward burst of particles, 
gases, etc. due to reduced pressure or from a surrounding 
explosive 


the stress imparted to a system, integrated over time, as 
in drop-hammer tests. The term is also applied to the 
force exerted by a rocket motor, integrated over time 
(see specific impulse) 


light emission from a substance due to its high ternpera- 
ture 


a material used for destructive ignition 


the first element of an explosive or pyrotechnic train, 
normally containing a sensitive primary explosive 


literally, “in place;” in pyrotechnics it refers to a material 
(such as a gas) produced where it is to be used 


the latter is often used where the former would be more 
correct, e.g.: infenstve study but intense heat 


equal; a prefix used in many scientific terms 
taking place under constant or equal pressure 


obtained under constant volume conditions, as an iso- 
choric fame temperature 


synonymous words meaning of equal time 


(Japanese) A firework shell intermediate in effect 
between the poka (ga) type of “willow,” and the wari- 
mono (q.v.) or “chrysanthemum.” It has the more force- 
ful break of the warimono, and tailed stars of long burn- 
ing duration, like those of the poka willow. The effect is 
to open with the burst radius of a chrysanthemum, but 
instead of going out, the stars continue burning, produc- 
ing a drooping pattern, like a parasol or an upside-down 
bowl. The names “crown chrysanthemum,” “crown wil- 
jow,” “diadem chrysanthemum,” or “diadem willow” all 
have been used to describe this shell in English- 
language importers’ lists. In the United States, the word 
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kraft paper: 


laminac: 


lance: 


Langlie test: 


lanyard: 


lead oxide: 


leader: 


PYROTECHNICS 


is often used more loosely, to mean. any effect, star, or 
star composition of the willow type. 


paper made by the su/fate process (from German, kraft or 
strength); so called because its long fibers give it greater 
tensile strength than papers made by the sulfite and soda 
processes. A variety of kraft papers are made, including 
the brown kraft wrapping paper used in fireworks, 
papers for bags and envelopes, and (by a modification of 
the original process) white and other colored papers 
suitable for printing or writing. 


proprietary name for a plastic binder material ~ a poly- 
merizable unsaturated polyester 


a small colored flare used in fireworks displays, especially 
to make letters or other designs 


a method of sensitivity testing developed in the 1960s to 
overcome the dependence of the Bruceton method on 
the choice of step size. The experimenter must specify 
lower and upper stress limits, the first test being con- 
ducted at a level midway between them. Less susceptible 
to variation in efficiency caused by imaccurate test 
design, as compared to earlier methods, the Langlie 
method is most efficient when the upper and lower lim- 
its are £4 standard deviations from the mean. 


a strong cord used for firing a device (such as a cannon) 
from a safe distance 


by the conventions of chemistry, this term specifically 
refers to the monoxide, PbO, also known as litharge. 
More commonly used in pyrotechnics is lead tetroxide, 
Pb,O©,, known as red lead or minium. Also occasionally 
used is lead dioxide, PbO,, which is sometimes called 
“lead peroxide.” 


a fast fuse that transfers fire down the muzzle of a mor- 
tar to a firework shell, or more broadly, to any large piece 
of fireworks. Except in some small shells sold to the 
public, leaders are made of piped match (¢..). 
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loading density: 


fot: 


machine: 


Mark (Mk): 


maroon: 


match: 


matériel: 


medium: 


Memory; 


metathetical: 


GLOSSARY 


the weight of pyrotechnic composition or explosive in a 
device, per unit volume 


a quantity of material or manufactured items produced 
under identical conditions, as far as possible, but not 
necessarily in one batch. A batch consists of product 
assumed to be uniform because of the nature of its pro- 
cessing. Several lots (or batches) of powder or the like 
can be blended to produce a homogeneous lot. 


in fireworks, a large elaborate construction, typically a 
facade of a castle or fort, on which ground pieces are 
mounted. It may also conceal mortars, people, or 
mechanical devices. 


followed by a number, designates Navy items, an added 
“Mod” means modifications starting with zere, which is 
pronounced “oh” and means none. A simple M signifies 
ordnance items in general, such as the M-80 firecracker 
or M-16 rifle. 


a device which produces a single loud explosion espe- 
cially in fireworks or signalling: a salute 


1: a class of cord fuses that includes slow match and 
quickmatch (g.v.) — used in singular form only. 2: a strip 
or splint of combustible material (usually cardboard or 
wood) tipped with a chemical mixture that bursts into 
flame when subjected to friction (plural ~ matches). 


a word used in singular form only, meaning “all kinds of 
materials,” usually those supplied by an institution such 
as the military 


a liquid in which particles are suspended, also called a 
vehicle 

a material, such as a piece of metal or plastic, is said to 
have “memory” if it tends to return to the shape or size 
in which it was cast or molded. 


refers to reactions of the type AB + CD -+ AC + BD, 
also called double decomposition ov double displacement 
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mine: 


mussiles 


Misznay-Schardin: 
mock-up: 


multibreak 
or multiple break: 


Munroe charge: 
Munroe effect: 


napalm: 


nascent: 


PYROTECHNICS 


i: an encased explosive designed to destroy enemy per- 
sonnel, vehicles or ships, usually concealed in water or 
underground. 2: a firework which propels multiple burn- 
ing pieces from a single mortar tube. 


broadly, any weapon that is thrown or projected, but 
today the term is generally reserved for those which are 
rocket-powered. In consumer fireworks, the word mussile 
is commonly applied to a rocket which has fins instead 
ofa guiding stick. 


a special type of shaped charge 


a model, often crude or improvised, used for training 


a cylindrical firework shell containing more than one 
full-diameter section within a single outer casing. In a 
true multiple break, the time fuse of each section is 
ignited by the burst of the previous section. 


see shaped charge 
the characteristic effect of a shaped charge (g.v.} 


any of several materials that convert combustible liquids 
such as gasoline to a congealed state. By extension, the 
resultant gel itself is now called napalm. 


in the process of “being born,” used of a compound or 
element at the moment it is chemically created, and 
implying that it is especially active. Chemists, who for- 
merly learned more Latin than is customary now, used 
to speak of hydrogen in statu nascendi ~ a powerful 
reducing agent. 


Neyer D-Optimal test: a method of sensitivity testing developed in the late 


1980s, designed to extract the maximum amount of sta- 
tistical information from the test sample. There are three 
parts to the test: the first designed to “close in” on the 
region of interest, the second to determine unique esti- 
mates of the parameters efficiently, and the third contin- 
uously refining the estimates once unique estimates have 
been established. Unlike earlier methods, this method 
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nitro powder: 


Nonel, Nomatch: 


novolac: 


obturate: 


ordnance: 


oxalate: 


oxygen balance: 


PAD: 


palm tree: 


GLOSSARY 


requires detailed computer calculations to determine test 
levels, and was not practical until computers became 
widely available in the laboratory. 


a synonym for smokeless powder, NOT a high explosive or 
blasting agent. The term is primarily used in Britain, 
where firearms must pass either black powder proof or 
nitro proof. However, the Remington Arms Company 
also designates some of its ammunition “Nitro Express” 
or “Nitro Magnum.” 


“shock tube” for the non-electric almost instantaneous 
propagation of ignition or detonation to multiple 
devices. A variety of types exist, some involving a deto- 
nation-to-deflagration transition. 


a thermoplastic resin formed by reaction of phenol with 
formaldehyde in a ratio greater than 1:1 under acid con- 
ditions. Such resins are sometimes used as pyrotechnic 
fuels. The Russian product Idito/ (¢.v.) is an example of 
the type. Compare resole. 


to obstruct or close, specifically, to seal an item to pre- 
vent the escape of gas 


military weapons and ammunition, sometimes used to 
include related equipment such as vehicles and repair 
tools. 


thus spelt, not “oxylate” — a salt of oxalic acid, which 
takes its name from oxalis, the Latin name for wood- 
sorrel 


in an explosive or pyrotechnic mixture, the percentage 
excess or deficiency of oxygen as compared with that 
required to convert all the carbon to carbon dioxide and 
all the hydrogen to water 


stands for propellant actuated device; an older term is 
CAD ~ cartridge actuated device. 


a firework shell or rocket burst which deploys only a few 
large, long-tailed streamer stars. In some old texts on 
fireworks, the term refers to a ground piece resembling a 
tree. 
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passfire: 


peony: 


percussion cap: 


percussion primer: 


permissible: 


phlegmatize: 


phosphorus: 


photoflash: 


pillbox: 


piped match: 


PYROTECHNICS 


a quickmatch connection from a time fuse at the top of a 
firework shell to the lifting charge at the bottom 


a hard-breaking spherical shell of Japanese style in 
which the main (outer) stars do not have tails (compare 
chrysanthemum, warimone). 


a priming device designed to be activated by impact, 
specifically, a type used with muzzleloading arms, which 
is placed on a nipple outside the weapon's bore 


a general term for any initiator fired by a blunt firing pin 
or a hammer, whether it is used in firearrns or in other 
devices such as grenades 


a type of high explosive that functions with low flame 
temperature and minimal duration, making it safe in 
coal mining and other conditions where flammable gas 
or dust may be present 


to slow down, to make less active 


(noun) undoubtedly, the most-misspele word in 
pyrotechnics. Phosphorous is an adjective, often accented 
on the second syllable, which specifically refers to phos- 
phorus in its lower valence states. Thus, phosphorous chlo~ 
vide, phosphorus trichloride and phosphorus (IID) chloride 
are all correct, but NOT “phosphorous pentasulfide” or 
“red phosphorous.” 


Photoflash powder or composition is a pyrotechnic mix- 
ture that burns very rapidly, yielding a large amount of 
light. It normally contains powdered aluminum, magne- 
sium, or an alloy of the two, but may contain other reac~ 
tive metals such as zirconium. Photoflash cartridges or 
bombs released from aircraft can illuminate large areas 
for night photography. 


a firework star made by pressing composition into a 
thin-walled paper tube 


quickmatch (9.v.) enclosed in a paper or plastic sleeve. 
When ignited it burns almost instantaneously, the hot 
gases from the combustion of the powder being confined 
within the pipe or sleeve and communicating fire to the 
entire length with great rapidity. 
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pistil: 


poka: 


polverone: 


portfire: 


pressure cartridge: 


primary explosive: 


pr ame, pxroieng: 


Probit test: 


GLOSSARY 


in a spherical firework shell, a central core of small stars, 
the color of which is contrasting or complementary to 
the outer stars 


(Japanese) a type of spherical shell characterized by a 
relatively thinly-papered case and a relatively small burst 
charge, used to discharge such garnitures as small 
reports, parachutes, paper Agurines for day-time use, and 
stars that it is desired to deploy without much radial dis- 
persion. Compare willow. 


(Italian, “Big” or ‘tearse” powder): a type of handmade 
black powder used in fireworks, coarsely granulated by a 
wet process. The ingredients approximate ordinary black 
powder proportions, but may not be exactly 75 potassi- 
uml nitrate, 15 charcoal, 10 sulfur — and a binder such as 
dextrin is included. The spelling padverone is also seen. 


a small pyrotechnic flare, specifically designed for light~ 
ing other pieces of fireworks. Portfires are less common 
now than formerly, though the word is often applied to 
any flare adopted for this purpose, such as a railroad 
fusee. 


a pyrotechnic device which generates gaseous products 
under pressure to do mechanical work 


an explosive that can be detonated easily by percussion, 
heat, or electrical discharge, and is used to initiate other 
explosives 


the act of preparing a firearm, cartridge, pyrotechnic 
device, etc., for ignition; also, a sensitive or easily ignited 
mixture used for this purpose 


an early method for estimating the mean and standard 
deviation from a number of samples. Six is a typical 
number of test levels and ten or more items are tested at 
each level. Disadvantages of the Probit method are that 
large numbers of items have to be tested and test levels 
have to be chosen properly.“ Its advantage is that the 
analysis could be performed with the aid of tables and 
without difficult calculations, but the advent of comput 

ers in the laboratory has largely made this irrelevant. 
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progressive burning: 


propellant: 


pumped star: 


pupadelle: 


pyrochemical: 


Pyronol: 


pyrophoric: 


quickmatch: 


Yarmt 


redundant: 


PYROTECHNICS 


Although the term “progressive” covers a multitude of 
sins, when used with reference to propellants, it means 
that the surface area increases as combustion proceeds. 


a pyrotechnic mixture or modified explosive suitable for 
propelling a projectile such as a bullet, shell or rocket. 
‘The word is also spelled propellent, with some argument 
depending on what country one is in, and whether it is 
used as a noun or an adjective. 


a star, almost always cylindrical, which is formed by 
ramming or pressing composition in a device called a 
star pump 


a miniature cylindrical star shell used as an insert in 
larger devices, specifically in a shell-of-shells. Compare 
bombette. 


relating to or involving chemical activity at high temper- 
atures (Hebster’s). The word is usually, but not always, 
equivalent to pyrotechnic, such reactions also occur in 
ceramic manufacture and other fields. 


a thermite mixture containing nickel powder which 
facilitates its ignition; it was specifically designed for 
underwater use 


tending to ignite spontaneously on exposure to air. The 
noun pyrophorus is considered archaic and is rarely used, 
today. 


cotton cord impregnated and coated with black powder, 
used for rapid transfer of fire. It is often encased in 
paper tubing, causing it to burn almost instantancously, 
and is then called piped match (g.v.). 


to compress a pyrotechnic mixture, especially within a 
casing, whether by mallet blows or by mechanical pres- 
sure 


usually means superfluous and unnecessary, but in mili- 
tary parlance refers to deliberate multiplication of a sin- 
gle auxiliary device (such as an ignition system) to 
increase the probability of success 
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refractory: 


regressive burning: 


repeating shell: 


report: 


resiri: 


resole: 


respirable: 


retrofit: 


rifted: 


wiser: 


Robbins-Moenvro test: 


GLOSSARY 


highly resistant, especially to high temperature. Refrac- 
tive refers to the bending or deflection of light waves. 


refers to a propellant grain that decreases in surface area 
as combustion proceeds 


a synonym for medtibreak 


a loud, sharp explosion in a firework or signal device, 
specifically one at the end of the device’s performance 


any of various amorphous, solid or semi-solid organic 
substances, chiefly of plant origin, sometimes synthetic, 
and soluble in organic solvents but not in water. Com- 
pare gum. Rosin is a specific type of resin, derived either 
from the free-flowing sap of trees of the pine tribe, or by 
chemical extraction from their woods. All resin is resin, 
but not all resin is rosin. 


a thermosetting resin formed by reaction of phenol with 
formaldehyde in a ratio fess than 1:1 under alkaline con- 
ditions. Bakelite (after Leo Baekeland, who invented it 
in 1907) is an example of the type. Compare novolac. 


fit for breathing, e.¢., uncontaminated oxygen gas 


to furnish older equipment with new parts or design 
changes 


of solid particles, those that contain many cracks and 
cleavages and thus have greater surface area than their 
size would suggest 


in foundry practice or plastics molding, a vertical chan- 
nel on a mold that allows for escape of air and serves as 
a receptacle for excess material 


a test method similar to the Bruceton test (g.v.) but 
differing in that the step size decreases as 1/N where N 
is the sample currently tested. The test points are con- 
centrated at the mean, hence it is very inefficient for 
determining any population parameter except for the 
desired probability, and ability to estimate reasonable 
confidence intervals for these parameters is severely lim 
ited. 
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Roman candle: 


rondelle: 


round shell: 


safety faker: 


safety fuse: 


safety pin: 


salute: 


SCAVENECE: 


scoria: 


secondar ¥ expl osive: 


PYROTECHNICS 


a cylindrical firework that contains multiple stars or 
other projectiles, together with their lifting or “blowing” 
charges and delay elements separating them 


a type of timed explosive insert used in cylindrical fire- 
work shells. The word rondelle implies that the devices 
explode in a circle, but this does not always apply in 
practice. 


implies a spherical shell; the same applies to “round 
stars” 


(colloquial, often hyphenated). a person who disseminates 
exaggerated or inaccurate safety warnings, whether due 
to fear of litigation, desire for personal gain, or simple 
ignorance. Safety-fakery is a widespread phenomenon in 
modern society, affecting fields ranging from medicine 
to automobile design. However, it is especially prevalent 
regarding chemicals, fireworks, black powder and any- 
thing that goes “bang!” 


a specialized kind of fuse consisting of black powder 
within a woven textile cord, and usually coated with a 
material such as asphalt or varnish. It is distinguished by 
a very regular burning rate and little or no “spit” of flame 
out the side. Compare Bickford. 


a device resembling a cotter pin that locks movable parts 
of a fuze (as on a hand grenade) but is easily removed by 
means of a pull-ring, either by hand or by a lanyard 


in fireworks or signalling, a device that produces a single 
loud explosion as its only significant effect 


a material used to remove traces of a gas by chemical 
reaction 


slag or dross, especially when it is porous like the rock of 
the same name. The word is often applied to the “chim- 
ney” of residue produced by some flares when burning. 


an explosive which requires a shock wave (as from a pri- 


mary explosive) in order to detonate — for all practical 
purposes, a synonym for high explosive 
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ser ‘pent: 


setbacks 


shaped charge: 


shelf item: 


shelf life: 


shell: 


shell-of-shells: 


silicon: 


silicone: 


GLOSSARY 


a small tubular firework item that contains rammed 
composition and usually a choke or nozzle, and produces 
enough thrust to move under its own power. Serpents 
may be fired singly on the ground but today they are 
usually used in shells or mines. 


apparent rearward motion due to inertia, as occurs in 
launching a projectile 


a high explosive charge of special configuration that pro- 
duces very high penetration for its size, also called a 
“lined cavity charge,” or a “Munroe charge.” The term 
should not be rendered “shape charge.” 


something made and put in storage for prospective cus- 
tomers before an order is received. In pyrotechnics shelf 
items are rarely made, except for standardized commer- 
cial products. 


length of time in storage during which an item will 
remain in serviceable condition; a synonym for storage 
life 


a hollow projectile containing an explosive bursting 
charge. The resemblance between military and firework 
types is readily apparent, and was even closer in the past. 
In warfare, the verb fo she// means to attack an enemy 
with artillery of this type. For sporting weapons the 
word is often used in a looser way to refer to a complete 
round of ammunition that does not contain an explosive 
projectile, 2, “.22 shells” or “shotgun shells.” 


in reworks, a shell that contains multiple smaller shells, 
usually of the same general shape. Cylindrical inserts fit 
best in cylinder shells, while inserts for ball shells are 
usually spheroidal. 


a non-metallic element, atomic number 14, in the same 
chemical family as carbon 


any of a class of polymeric organic silicon compounds 


containing the Si-O group, commonly used as hubri- 
cants, sealants or electric insulators 


375 


simulator: 


single-base: 


slow match: 


smoke: 


smokeless: 


sofar bomb: 


specific impulse: 


specification: 


spider: 


spiking: 


splitting comet, 
alse split comet: 


spontan CORES? 


PYROTECHNICS 


an item that more or less harmlessly imitates a haz~ 
ardous device, and is used for training purposes 


refers to smokeless propellants that contain nitrocellu- 
lose as their only active ingredient 


cordage treated with a solution of potassium nitrate or 
other substances, to cause it to smoulder slowly once 
ignited; used in the past as a source of fire, e.g, to fire 
cannon or ignite freworks, as punk is used today. Com- 
pare guickmatch. 


in pyrotechnics, an erosol of chemical particles or 
droplets used for obscuring objects (“screening”) or for 


signalling 


refers to propellants based on nitrocellulose, with or 
without other active ingredients such as nitroglycerine. 
Powders of this type actually produce a small amount of 
smoke, but far less than black powder, which was the 
original basis for comparison. 


an explosive device designed to detonate at a specific 
depth in the sea 


the impulse generated per unit mass of propellant 


an attempt to describe an item and its expected func- 
tioning so that anyone skilled in “the art” can produce it 


a firework shell that produces a strong burst of streamer 
stars. Traditionally, spider or spiderweb implies the use of 
charcoal-based stars producing a soft golden effect, but 
the term is also applied to metallized versions, ¢. Ls 
“white spider” or “glitter spider.” 


in firework making, refers to the technique of winding 
shells with twine to increase their strength. The word is 
derived from the Italian Spago, raeaning string. 


see crossette 


occurring without external energy input. Spontaneous 
ignition is normally one of the greatest fears of 
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squib: 


star: 


stoichiometry: 


strategic material: 


streamer: 


subsieve size: 


surveillance: 


TBI: 


GLOSSARY 


pyrotechnists and all practical steps are taken fo avoid it. 
However, the phenomenon can be used deliberately in 
such devices as igniters used for sabotage of enemy 


property. 


broadly, a small tube or packet of pyrotechnic composi- 
tion used for any of several purposes, including ignition 
of larger devices. Formerly, the word was commonly 
applied to fireworks of the serpent class, and also to a 
type of mild black powder firecracker that did not pro- 
duce a Joud noise unless further confined. Today, squib 
usually means a small clectrically-fired igniter contain- 
ing an electric match (g.v.). 


a consolidated pellet of pyrotechnic composition, 
designed to be released from a larger device. A star may 
produce a single point of colored light, or a trail of 
sparks, or both. The term normally implies an zrial 
device, but small stars may also be discharged by foun- 
tains and similar ground fireworks. 


refers to precise balance of weights of materials in a 
reacting mixture. A pyrotechnic composition that reacts 
completely, leaving neither excess oxygen nor significant 
amounts of unreacted fuel, is said to be stoichiometric. 


a material needed for the industrial support of a war 
effort (compare critical material ) 


a star that leaves a visible trail of burning material as it 
moves through the air: a “tailed” or “tailing” star 


of a particle size too small to be separated and character 
wed by so-called standard sieves. This usually means 
below about 43. particle diameter, in pyrotechnics 
some materials have only 1 to 10p: average particle size. 


originally a term for close watchfulness, it has assumed. 
the meaning of observation of ordnance items under 
severe test conditions 


through buikhead initiator. an explosive device which ini- 
tiates a propellant or pyrotechnic mixture by shock 
transmitted through a bulkhead while maintaining 
confinement 
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temperat’ ure 
coeficient: 


thermate: 


thermite: 


TGA: 


torpedo: 


tourbillion: 


tremalon: 
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the relative change of some measurable quantity (eg., 
burning time per unit length) with change of tempera- 
ture, usually expressed as mean change per degree in 
percent of mean temperature with a given range 


an incendiary composition consisting of thermite with 
additives, such as barium nitrate 


specifically, a mixture of granular aluminum and black 
iron oxide that produces molten iron at a very high tem- 
perature. Today the term is more broadly applied to any 
comparable mixture of a metal powder with the oxide of 
a less reactive metal. The original Thermit was a propri- 
etary name. 


thermogravimetric analysis: an instramental method for 
measuring the loss of mass from a compound or mix-~ 
ture, as a function of temperature and time. Differential 
thermogravimetric analysis (OTGA) is a powerful tool 
for the study of reaction kinetics. 


i: an explosive weapon used for destroying ships, 
specifically, an elongated, self-propelled device that can 
be aimed or directed from a distance. 2; a small explo- 
sive firework activated by impact or crushing, rather 
than by a fuse. 3: an explosive signalling device designed 
to be attached to a railroad track and fired by a train's 
weight, usually called specifically a ratkoay torpedo. 


an rial firework that spins in a horizontal plane and 
rises under its own power, really a type of rocket, 
although it is never called one in practice. In the United 
States the terms “helicopter” and “buzz bob,” derived 
from popular brand names, have become the usual 
generic labels for tourbillions. 


(from Italian, tremolante or flickering, twinkling) a fire- 
work effect characterized by combustion which forms a 
glowing semi-reacted dross; this serni-reacted dross, as it 
falls or is propelled through the air, reacts to complete- 
ness, emitting Hashes. Synonymous with American ffit- 
ter, def. 2 (g.v.) and British ghiéter (g.u.). 
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vehicle: 


Very pistol: 


vitiate: 


volatile: 


warimone: 


willow: 


GLOSSARY 


a liquid or semi-solid in which particles or droplets of 
active material are dispersed 


a type of flare pistol introduced in the mid-nineteenth 
century and named for its inventor Edward W. Very 
(d. 1910). Although it is not really correct, many people 
continue to apply the term to all types of flare pistols. 


to debase or make faulty; used especially of air having 
reduced oxygen content 


readily evaporable; having a relatively bigh vapor pres- 
sure under standard conditions. It is a vulgar error, to be 
noted with regrettable frequency in the popular press, to 
use this word as a synonym for unstable, explosive, or 


fammable. 


(Japanese) a type of spherical shell characterized by a 
relatively thickly-papered case and a relatively large 
burst charge, designed to form a spherical burst pattern 
of relatively fast-burning stars, which expire at the 
periphery of the sphere before their trajectories appear 
to droop visibly under the influence of gravity. Chrysan- 
themum (9.v.) and peony (g.v.) shells are examples of the 
wartinone type. 


a relatively soft burst of tailed stars, as from a shell or 


rocket, which produces a drooping pattern resernbling a 
willow tree. Compare poke (g.v.). 
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Appendix I 
Selected Further Resources for Pyrotechnics 


1. Organizations 

American Pyrotechnics Association 

Julie Heckman, Executive Director 

BO. Box 30438 

Bethesda, MD 20284-0438 

[4606 Mooreland Lane, Suite 109, Bethesda, MD 20814] 

Tel: (301) 907-8181 

Fax: (301) 907-9148 

e-mail: jheckman@americanpyro.com 

American trade association for domestic manufacturers and importers of fire~ 
works; supplies educational materials for firework safety. Tries to defuse the most 
egregious errors stated about fireworks accidents disseminated on national news 
media, usually by CPSC and other federal agencies. 


Energetic Components and Systems Technical Committee (ECS TC) of the 
American Institute of Aeronautics and Astronautics (AIAA) 
Thomas ]. Blachowski, ECS TC Secretary 

Indian Head Division 

Naval Surface Warfare Center 

101 Strauss Avenue 

Indian Head, MD 20640-5035 

Tel: (301) 744-2362 

Fax: G01) 744-4881 

e-mail: blachowskit}@ib.navy.mil 

website: www.aiaa.org/te/ecs/index.htral 

Holds symposia and mectings. 
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‘The International Pyrotechnics Society 

Dr. B. R. Hubble, Secretary 

BO. Box 2 

Bloomfield, IN 47424 

TeL: (812) 854-4053 

e-mail: hubble_bill@crane.navy-mil 

website: www.intlpyre.com 

Professional society promoting research and education in the field of pyrotech- 
nics. Sponsors the International Pyrotechnics Seminars. For information on next 
IPS Seminar, see |www.intlpyro.org/IPS28]. 


Pyrotechnics Guild International, Inc. 

Ed Vanasek, Secretary/Treasurer 

18021 Baseline Avenue 

Jordan, MN 55352 

‘Tel: (952) 492-2061 

e-mail: edvanasek@aol.com 

website: www.pgi.org 

The PGH, founded in 1969, is an independent, worldwide, nonprofit organi- 
zation of amateurs and professional fireworks enthusiasts. 


National Fireworks Association 

8224 N. Bradford Court 

Kansas City, MO 64151 

Tel: (816) 505-3589 

website: www.nationalfireworks.org 

‘The NFA is a trade association which monitors government regulation of fire- 
works, fights restrictive legislation, organizes trade shows, and promotes the pos 
itive image of the fireworks trade. 

[Note: Two of the above listed organizations, the International Pyrotechnics 
Society and the Pyrotechnics Guild International, Inc., also publish serials. The 
PROCEEDINGS of the IPS appear whenever a seminar is held. The Pyrotechnics 
Guild International, Inc. publishes the PGT BULLETIN five times a year.] 


2. Publications 


Chemical Publishing Company, Inc. 
192 Lexington Avenue, Suite 1201 
New York, NY 10016-6823 


Tel: (212) 779-0090 
e-rnail: chempub@aol.com 
website: www.chemicalpublishing.com 
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Publisher of George W. Weingart’s Pyrotechnics, Herbert Ellern’s Military and 
Civilian Pyrotechnies and Revd. Ronald Lancaster’s Fireworks: Principles and 
Practice. 


COMBUSTION AND FLAME 
‘The Combustion Institute 
5001 Baum Blvd., Suite 635 
Pittsburgh, PA 15213-1851 
Tel: (412) 687-1366 

Fax: (412) 687-0340 


e-mail: combust@telerama.lm.com 
Publication of an educational, non-profit, international, scientific society, the 
purpose of which is to promote and disseminate research in combustion science. 


EXPLOSIVES AND PYROTECHNICS 

Franklin Applied Physics 

PO. Box 313 

Oaks, PA 19456 

"Tel: (610) 666-6645 

Fax: (610) 666-0173 

e-mail: frankphys@aol.com 

Monthly newsletter of explosives, pyrotechnics and their devices, training 
courses, RF training. 

High Power Rocketry 


BO. Box 970009 
Orem, UT 84097-0009 


Tel.: (801) 225-3250 
Fax: (801) 225-9307 
website: www.tripoli.com 
Prometheus Publications 


PO. Box 7584 
Phoenix, AZ, 85011 


‘Tel/Fax: (602) 553-3698 
e-mail prometheus_pubs@hotmail.com 


“New, used, out-of-print and rare books on pyrotechnics. Fireworks-related 
grapbic art. Always secking to obtain unusual literature from single pieces to 
entire collections.” 


SELECTED FURTHER RESOURCES FOR PYROTECHNICS 


PROPELLANTS, EXPLOSIVES, PYROTECHNICS (PEP) 

North, Central and South America Customer Service 

John Wiley & Sons, Inc. 

605 Third Avenue 

New York, NY 10158-0012 

Tel: (212) 850-6645 

Fax: (212) 850-6021 

e-mail: subinfo@wiley.com 

Published six times a year, this international journal provides a vital forum for 
the exchange of ideas in the areas of propellants, explosives, primers, and 
pyrotechnics, and combustion and detonation processes. 


Pyrotechnica Publications 

P.O. Box 611 

Post Falls, ID 83877-0611 

Phone/Fax: (208) 664-0388 

email: pyropubs@aol.com 

Publishers of the ongoing series, PYROTECHNICA: OCCASIONAL PAPERS IN 
PYROTECHNICS. Seventeen issues since 1977, Publishers of Dr. Takeo Shimizu’s 
Fireworks: The Art, Science, and Technique, Shirnizws Fireworks from a Physical 
Standpoint, and Dr. Alexa nder P. Hardt’s Pyrotechnics. 

THE FIREMAKER 

Larry Homan, publisher 

PO. Box 162 

Fresno, CA 93707 


e-mail: Ihoman@earthlink.net 
“An interesting journal for the pyrotechnically enthusiastic.” Emphasis on fire~ 
works. 


3. Services and Supplies 


Ace Paper Tube Corporation 

4918 Denison Avenue 

Cleveland, OH 44102 

Tel: (216) 961-0250 

Fax: (216) 961-1114 

Manufacturer of paper tubes, discs, and other paper products for the fireworks 
industry. 
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Austin Powder Company 
430 Powder Plant Road 
McArthur, OH 45651 


Tel.: (740) 596-5286 

Fax: (740) 596-4050 

website: www.austinpowder.com 

Full line of high explosives and initiating devices. 


Autoliv ASP. Inc. 
Headquarters 

3350 Airport Road 
Ogden, UT 84405 

Tel.: (801) 625-9200 

Fax: (801) 625-4911 
website: www.autoliv.com 
Airbag manufacturer. 


B.E. Goodrich Aerospace 

Universal Propulsion Company, Inc. 
25401 N. Central Avenue 

Phoenix, AZ 85027-7837 

Tel.: (623) 516-3340 

Fax: (623) 516-3364 


Manufacturer of ejection seats, slides, airbag inflators. 


Brunchu Hnos. S. L. 

Carrer Major, 86 

46110 Godella 

Valencia 

Spain 

Tel: (34) 96-3638010 

Fax: (34) 96-3641213 

e-mail: correo@brunchu.com 

website: www.brunchu.com 

Manufacturer, distributor, importer/exporter of display fireworks, consumer 
fireworks, and special effects. 
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CANMET ~— Canadian Explosives Research Laboratory 

555 Booth Street 

Ottawa, ON KIA OGI 

Canada 

Ron Vandebeek, manager 

Tel: (613) 995-1275 

Fax: (613) 995-1230 

Laboratory work and testing, provides “safety standards” for explosives and 
fireworks; sponsors the “International Symposium on Fireworks.” 


Cartridge Actuated Devices 
123 Clinton Road 
Fairfield, NJ 07004-2991 
Tel. (973) 575-1312 

Fax: (973) 575-6039 


Manufacturer of explosive bolts, cable cutters, squibs, and valves. 


Cienfuegos, Ltda. 

R. Cel. José Batista dos Santos, 72 - Centro 

35560-000 Santo Anténio do Monte 

Minas Gerais 

Brazil 

Tel.: (037) 281-2279 

Fax: (037) 281-1670 

The Brazilian factory of the Argentine-hased firm where display and consumer 
fireworks are manufactured with Chinese manufacturing techniques. 

Daveyfire, Inc. 

500 Yanogo Valley Road, Suite 250 

Walnut Creek, CA 94596 

Tel: (925) 926-6412 

Fax: (925) 926-6439 

e-mail: daveyfire@msn.com 

website: www.daveyfire.com 


Manufacturer of initiation devices and components. 
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Dongguan Native Produce Import/Export Co. of Guangdong 
No. 14 Guangming Road 

Guangzhou County 

Guangdong Province 

Dongguan 511700 

China 

Tel: (86) 769-224-8991 

Fax: (86) 769-221-2921 

e-mail: bnxeco@pub.dgnet.gd.cn 

Manufacturer and distributor of display and consumer fireworks. 


Elephant Black Powder 

7650 US. Highway 287, Suite 100 
Arlington, TX. 76001 

Tel.: (817) 478-8888 

Fax: (817) 478-8891 

e-mail: petro@fastlane.com 


Importer of Elephant black powder from Brazil; squibs, fuse, detonation cord. 


Explosive Special Effects 

10510 El Comal Drive 

San Diego, CA 92124 

‘Tel: (619) 565-0684 

Fax: (619) 565-6440 

Pyrotechnic special effects and theatrical operations, indoor and outdoor. 


Fireworks by Grucci 

One Grucci Lane 

Brookhaven, NY 11719 

Tel: (613) 286-0088 

Fax: (613) 286-9036 

e-mail: info@grucci.com 

website: www.grucci.com 

Manufacturer and importer of display and consumer fireworks; special effects 
pyrotechnics, custom designers of displays and performances. 
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Franklin Explosive Safety 

1518 Noble Road 

Rydal, PA 19046 

Tel.: (215) 887-9211 

Fax: (603) 761-7033 

e-mail: Franklinexplsafe@yahoo.com 

website: http://members.home.net/pandrthompson/ 
Consulting on RF safety and other EED problems. 


Garden State Fireworks, Inc. 

P.O. Box 403 

Millington, N} 07946 

‘Tel.: (908) 647-1086 

Fax: (908) 647-6258 

Manufacturers of display fireworks, display producers. 


GOEX, Inc. 

P.O. Box 659 

Doyline, LA 71023-0659 

Tel: (318) 382-9300 

Fax: (318) 382-9303 

Cormmercial and military black powder. 


Halliburton Energy Services 

Jet Research Center 

8432 S. Interstate Highway 35 West 

Alvarado, TX 76009-9775 

Tel: (800) 451-5403 

Fax; (817) 783-5812 

e-mail: James. Barker@halliburton.com 

Shaped charges, DDT detonators, detonation cord. 


Hands Fireworks, Inc. 

RR. #4 

Prescott, ON KOE 1TO 

Canada 

Tel.: (613) 925-2832 

Fax: (613) 925-1207 

Manufacturer of display and consumer fireworks, special effects, and military 
pyrotechnics. 
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Hodgdon Powder Co., Pyrodex Division 

PO. Box 2932 

Shawnee Mission, KS 66201 

Tel: (913) 362-9455 

Fax: (913) 362-1307 

Pyrodex powder and pellets, compacted charges and other pyrotechnic compo- 
sitions. 


Hosoya Fireworks Co., Ltd. 

1847 Sugao 

Akiruno-city 

‘Tokyo 197-0801 

Japan 

‘Tel: (81) 42-559-2578 

Fax: (81) 42-559-2413 

e-mail: hosoya~rde@pop16.0dn.ne.jp 

Manufacturer and exporter of display fireworks (shells) and consumer fire- 
works, 


Hammel-Croton, Inc. 

10 Harmich Road 

South Plainfield, NJ 07080-4899 

Tel: (908) 754-1800 

Fax: (908) 754-1815 

Manufacturer and distributor of chemicals for the pyrotechnics and fireworks 
industries. 


Jakob Hatteland Kjemi A/S 
N-5578 Nedre Vats 

Norway 

Tel: (47) 52-76-30-28 

Fax: (47) 52-76-51-09 

e-mail: jakob/jhe-h@hatteland.no 
website: www.hatteland.no 


Manufacturer and importer of display fireworks; electronically fired shows 
using computerized choreography. 
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Kimbolton Fireworks, Led. 

7 Vigh Street, 

Kimbolton, Huntingdon 

Cambs. PE18 OHB 

England UK. 

Tel.: (44) 1480-860988 

Fax: (44) 1480-861277 

e-mail: markl@kim-fireworks.demon.co.uk 

website: www.kim-fireworks.demon.co.uk 

Manufacturer, importers and exporters of display fireworks and shop goods; 
display operators. 


Komatsu Fireworks Co. 

Omagari City 

Akita Province 

Japan 

Manufacturer of display fireworks. 


Lacroix-Ruggieri 

6 blvd. Joffrery 

31607 Muret Cedex 

France 

Tel.: (33) (0) 5-61-56-65-00 

Fax: (33) (0) 5-61-56-64-96 

Manufacturet, importer/exporter, and distributor of display fireworks, special 
effects, pyrotechnic devices for defense and industry. 


Legion Fireworks Co., Inc. 

90 Chelsea Road 

Wappingers Falls, NY 12590 

‘Tel.: (914) 831-8328 

Fax: (800) 977-PYRO 

e-mail: frankc696@aol.com 

website: www Jlegionfireworks.com 

Manufacturer, distributor, importer/exporter of display fireworks. 
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Lidu Export Fireworks Factory 

Lidu ‘Town, Jinxian County 

Jiangxi Province, 

Nanchang, Jiangxi 311725 

China 

Tel: (86) 791-563-8888 

Fax: (86) 791-563-8138 

e-mail: dem@public.ne.jx.cn 

website: www.lidu-firework.com 

Manufacturer of display fireworks, consumer fireworks, and special effects. 


Lightning Pyrotechnics 
14149- 32nd Street 
Buffalo, ND 58011 


Tel: (701) 633-5267 

Fax: (701) 633-5352 

e-mail: lightnpyro@yahoo.com 

Manufacturer of colored smokes, screening smokes, zronautical smokes; bulk 
supplier of chemicals for the fireworks industry. 


Lana Tech, Inc. 
148 Moon Drive 
Owens Cross Roads, AL 35763 


Tel: (256) 725-4224 

Fax: (256) 725-4881 

e-mail: sales@pyropak.com 

Manufacturer of Pyropak® pyrotechnic products; indoor special effects. 
Mapcoa, Inc. 

4868 Chaincraft Road 

Cleveland, OH 44125 

Tel.: (216) 587-5688 

Fax: (216) 587-3764 

Manufacturer and supplier of magnesium/aluminum alloy powders. 
Marutamaya Ogatsu Led. 

4-5-12 Nihonbashi Honcho 

Chuo-ku, Tokyo 103 

Japan 

Tel: (81) 03-3241-6538 

Fax: (81) 03-3275-0062 

Manufacturer of display fireworks (shells). 
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MP Associates, Inc. 

P.O. Box 546 

fone, CA 95640 

Tel.: (209) 274-4715 

Fax: (209) 274-4843 

Manufacturer of special effects; R&cD, testing. 


Neyer Software 

Dr. Barry T. Neyer 

7275 Willowood Drive 

Cincinnati, OH 45241-3707 

Tel: (513) 777-6672 

Fax: (613) 777-6682 

e-mail: info@neyersoftware.com 

website: www.neyersoftware.com 

Efficient testing and reliability analysis software; software for statistical 
analysis. 


OEA Aerospace, Inc. 

PO. Box KK 

Fairfield, CA 94533-0655 
Tel.: (707) 422-1880 

Fax: (707) 422-3242 


Explosive and propellant devices, escape systems 


PS/EMC 

7073 West Willis Drive 

Chandler, AZ 85225-5111 

"Tel.; (520) 796-1100 

Manufacturer of propellants, cartridges, cartridge actuated devices, electronic 
and mechanical safe and arm devices, laser initiators/detonators, and laser firing 
sets. PS/EMC has facilities in San Carlos, California, Hollister, California, and 
Chandler, Arizona. PS/EMC’s acquisition of the former SDI Aerospace and 
Quantic Industries enables PS/EMC to offer full service ordnance solutions. 


Parente 

via Oberdan, 105 
45037 Melara, Rovigo 
Ttaly 

Tel: (39) 0425-89035 
Fax: (39) 0425-89640 


Manufacturer of display fireworks; display producers. 
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PerkinElmer Optoelectronics 

‘Technical Information 

Dr, Barry'T. Neyer, Director of Research and Development 
720 Mound Road 

Miamisburg, OH 45343-0529 

‘Tel: (937) 865-5586 

Fax: (937) 865-5170 

e-mail: barry.neyer@perkinelmer.com 

website: www.perkinelmer.com 


50 years of experience in designing and manufacturing explosive devices. 


Pivotecnia Caballer, S.A. 

P.O. Box 39 

46110 Godella 

Valencia 

Spain 

Tel: (4) 96-2728100 

Fax: (34) 96-2728118 

e-mail: caballer@pirotecniacaballer.es 

website: www. pirotecniacaballer.es 

Manufacturer of display fireworks, special effects and multimedia productions. 
Producers of Biodegradable Shells®. 


Pirotecnia Igual 

C/Casanova No. 2, 

O8011 Barcelona 

Spain 

Tel: (84) 3-425-36-66 

Fax: (34) 3-423-52-96 

Manufacturer and exporter of display fireworks. 


Pirotecnia Internacional, S. A. de C.V. 

Alicia 74, 

Colonia Guadalupe Tepeyac 

Mexico, D.F. 07840 

Mexico 

Tel.: (52) §5-37-10-56 

Fax: (52) 55-17-41-93 

e-mail: ventas@ ptrotecniainternacional.com 

website: www.pirotecniainternacional.com 

Manufacturers and distributors of display fireworks and special effects, display 
operators. 
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Pirotecnia Panzera 

via Olmi, 78 

10041 Carignano 

Torino 

Ttaly 

Tel: (39) 011-96-90-317 

Manufacturer of display fireworks and pyrotechnics for the military. 


Pirotecnia Zaragozana, S.A. 
Paseo Maria Agustin, 4-6 
Zaragoza 

Spain 

Tel: (34) 976-44-08-99 
Fax: (34) 976-43-91-63 


Manufacturer of display Greworks. 


Pyrodigital Consultants 

1074 Wranglers Trail 

Pebble Beach, CA 93953 

Tel: (831) 375-9489 

Fax: (831) 375-5225 

e-mail: pyrodig@aol.com 

Manufacturer of computerized firing systems and choreography equipment for 
fireworks displays. 


Pyro Spectaculars, Inc. 

P.O. Box 2329 

Rialto, CA. 92377 

Tel: (909) 874-1644 

Fax: (909) 355-9813 
e-mail: pyrospecta@aol.com 


Manufacturer of consumer and display fireworks, display producer. 


Pyropa Pyrotechnik 

Ing. Alfred Pokorny, Prop. 
A-2601 

Sollenau 
Schénauerstrasse, 150 
Austria 

‘Tel: (43) 318-82-78 

Fax: (43) 318-53-41 


Manufacturer of display fireworks, display producers. 
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Remote Effects Systems, Inc. 

R.R. #1, Box 7601 

Belle Plaine, MN 56011 

Tel.: (952) 873-3113 

Fax: (952) 873-2859 

e-mail: respyro@minn.net 

Indoor special effects and pyrotechnics, indoor special effects equipment, 
authorized Pyropak® dealer. 


Rothbard Sales International, Inc. 

P.O. Box 1763 

Fernley, NV 89408 

‘Tel: (775) 677-2666 

Fax: (775) 972-4500 

e-mail: pyrodri@aol.com 

website: www.eropyro.com 

Distributor, wholesaler, importer of consumer and display fireworks; smokes; 
special effects for stage, concerts, TV and motion pictures. 


Rozzi, Inc. 

PO. Box 5 

Loveland, OH 45140 

“tel: (513) 683-0620 

Fax: (513) 683-2043 

e-mail: rozzi6@aol.com 

Manufacturer, importer, and distributor of display fireworks; special effects, 
safety fuse, display producers. Their subsidiary, Newco Products, produces fuse, 
theatrical flash powder, star mines, strobe pots, gerbs, igniters, etc. 


Safety Consulting Engineers 

2131 Hammond Drive 

Schaumburg, IL 60173 

Tel: (847) 925-8100 

Fax: (847) 925-8120 

e-mail: sceinc@sceinc.com 

website: www.sceinc.com 

Engineering and electrostatic hazards evaluation. 
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SCB Technologies 

1009 Bradbury Drive SE 

Albuquerque, NM 87106-4302 

Tel. (505) 272-7565 

Fax: (505) 272-7568 

e-mail: MCFoster@SCB-Technologies.com 
Semiconductor and tungsten bridges, SCB products. 


S. Mantsuna & Co,, Led. 

No. 1-5-6 Yanagibashi 

Taito-ku 

‘Tokyo 111-0052 

Tel.: (81) 3-3863-4401 

Fax: (81) 3-3863-4505 

Manufactures, importer and exporter of display fireworks, toy fireworks, and 
smokes. 


Special Devices, Ine. 

14370 White Sage Road 

Moorpark, CA 93021 

Tel: (805) 553-1200 

Fax: (805) 553-1201 

e-mail: david. forman@specialdevices.com 

website: www.specialdevices.com 

Manufacturers of automotive airbag initiators and related items. 


Stresau Laboratory, Inc. 

N 8265 Medley Road 
Spooner, WI 54801 

Tel: (715) 635-2772 

Fax: (715) 635-7979 

e-mail: stresaulab@stresau.com 
website: www.stresau.com 


‘Testing services for explosives and energetic materials. 
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Talley Defense Systems, Inc. 
BO. Box 34299 

Mesa, AZ 85211 

Tel: (480) 898-2200 

Fax: (480) 898-2358 
website: www.talleyds.com 


Rockets, gas generators, shoulder weapons. 


Thiokol Propulsion 

55 Thiokol Road 

P.O. Box 241 

Elkton, MD 21922-0241 

Tel: (410) 392-1425 

Fax: (410) 392-1205 

SCB squibs, gas generators, pyrotechnic devices. 


Tivoli’s Fyrveerkerifabrik 

Baldersvej 19, Tune 

DK-4000 Roskilde 

Denmark 

Tel: (45) 46-138344 

Fax: (45) 46-139330 

Manufacturers and displayers of display fireworks, shop goods, and special 
effects. 


TNO Prins Maurits Laboratory 

Pyrotechnics, Energetic Materials Division 

BO. Box 45 

Ryswijk 2280 AA 

The Netherlands 

Tel: G1) 15-284-3783 

Fax: (31) 15-284-3974 

website: www.tno.nl/instit/pml 

Research and development, production, testing, and contract research. 
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WECO Pyrotechnische Fabrik GmbH 

PO. Box 1342 

D-53776 Eitorf 

Germany 

Tel.: (49) 2243-883128 

Pax: (49) 2243-883153 

e-mail: feuerwerk@weco.pyro.com 

website: www.weco-pyro.com 

Manufacturer of display fireworks, consumer fireworks, and special effects. 
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Appendix II 
Normal Distribution, Mean, 
and Standard Deviation 
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The Normal Distributian Curve 
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NorMAL DISTRIBUTION, MEAN, AND STANDARD DEVIATION 


When a sample quantity of pyrotechnic articles is tested, and the results of the 
test are plotted on a graph where the x-axis represents the value measured (eg., 
seconds of burning time, centimeters of drop required to initiate a composition 
using a 2-kilogram weight) and the y-axis represents the number of measur- 
ments, a bell-shaped curve results. If the apex of this curve is centered on the 
mean, it represents a normal or Gaussian distribution ideally represented in. the 
illustration. If not centered on the mean, the distribution is described as skewed. 


The mean, p or %, is an arithmetic average computed by adding the values, x, 
measured, and dividing by the total number of measurements, 7. 


— Xt Hy Fo Hy 
he n 


The variance, 0”, of a sample of # values is defined as the sum of the squares of 
the deviations from the sample mean divided by (2 — 1). The standard deviation, 
a, of a distribution is the square root of its variance: 


(n-1) 


‘This parameter defines the fraction of area under a normal distribution curve 
as follows: 


Number of Standard Deviations 


measured + or — from the Mean Percent of Area 
0.675 50.00 
1.00 68.26 
2.00 95.46 
3.00 99.73 
3.48 99.95 
3.89 99.99 
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Components of pyrotechnic mixtures are often specified in standard mesh 
sizes, or as having passed through one (—) but having been retained on a smaller 
(+) size; e.g. “-120, +200 mesh.” The higher the mesh number, the smaller the 
particle size. The standard sieve dimensions described by mesh numbers are as 


follows: 


Mesh Number 


100 
120 
146 
170 
200 
230 
270 
325 
400 


Pyrotechnic components in the <43 jum range are said to be sub-sieve size. 


Appendix HI 


Sieve Sizes 


mesh opening 


pm 
147 
124 
104 
88 
74 
61 
53 
43 
38 


wire dimension 


pun 
107 
97 
66 
61 
53 
41 
Al 
36 
25 


Appendix IV 
KDNBF and DXN-1 (DXW-1) 


Ce 
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HNO3/ 
H SO, 
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NaOCl : 
NaOH aN 
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N NaHCO; 
Fa a 
ae 7S. 
= f 
NOs y 
H OHO 
4,6 DNBE 
QP : 
N 
aN K+ 
— Pp 
NOx i) 
H OHO 
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Synthesis of Potassium Dinitrobenzotrifaroxan.’” 
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neN 
We va Ip + Hy8Q, 
H 


10°C 
so 


2NaNOQ2+ 1/3 CuSO, 


U3CUNT)HNT4H20 


Ca(NT)sHINT.4EO + 3NaOH 


CuQy + 3NaNT 


2NaNT + Hg(NO3),  ———» = Hg(NT))+ 2NaNO, 


“NT” = “5-Nitrotetrazole” 
Von Herz Synthesis of Mercuric 5-Nitrotetrazole.’” 
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KDNBF anp DXN-1 (DXW-1) 


neN 


Bes R, NH 4 HySO, + CuSO, 


: 15-20°C 


NaNO, + CuSO 
aa Cu(NT)HNT. 4H,0 


2Cu(NTPHNT. 4,0 + CuSO, + Gen 
3Cufen) 2ANT)2@) 
3Calen) ANT)a + HNO; Cu(NT)HNT 


Hg(NOz) 
——— Hg(N Th 
+ crystal 
modifier 
55eC 


NT = 5-nitrotetrazole 
en = ethylenediamine 


PERME Process for Manufacture of Mercuric 5-Nitrotetrazole 
with improved yield over Von Herz Synthesis.'” 
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Crossettes 165, 167, 169, 178, 189, 197, 224, 
232, 241, 253, 356, 376 
Cryolite 120, 123, 152, 156, 174, 181 


Decoys, from activated iron foil 65, 69, 283 
Delays 33, 113, 243, 251, 293, 299-311, 356 
mixtures 301-3, 307-11 
replacement for chromates in 299, 302-3, 
310 
variability of 243, 251, 293, 301, 304-5, 
308-9 
Detonation 5, 8, 58, 86, 101, 356-7, 364, 369 
Differential Gravimetric Analysis (DGA) 378 
Differential Scanning Calorimetry (DSC) 50 
Differential Thermal Analysis (DTA) 31, 36, 
50, 358 
Display eperation 247-56 
safety in 255-6 
Disposal of hazardous material 13, 239, 357 
Draw-out shell 240 
Dust explosions 9, 70-1, 275 
Dyes, for smokes 10-14, 138, 316, 321-9 
toxicity 10-14, 316, 327-9 
substitute for standard red dye 328-9 


Electrical firing, in fireworks displays 112, 239, 
243, 251, 252 
Electrostatic discharge hazard 70-1, 95, 263 
Emissivity, effect on pyrometry 55, 277-8, 282 
English crackers 139 
Eutectics, of metals 70 
of salts 38 
of phosphorus 64 
Exploding fireworks 139-43, 177, 179-83 
Explosions 5, 8-9, 70-1, 138-9, 185, 192, 235, 
239, 263, 275, 286, 300, 353, 356 
Explosives, primary 2-5, 13-4, 45, 56, 58, 
62-3, 70-1, 75, 85, 87, 93, 95, 101, 136, 138, 
140, 191, 207, 259, 299, 308, 312, 335, 342, 
348, 352-3, 356, 359, 364, 371 
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Exothermicity, of chlorate reactions 8 
Eye protection 6 


Fireworks 2-4, 105-256, 295 

Fireworks displays — see Display operation 

Flame temperature, by Hine reversal 46, 48, 54 
computation 46-9 

Flare 9, 31, 36, 48, 86, 98, 102-3, 115-17, 
123-4, 141, 147, 210, 214, 224, 228, 255, 
261, 266, 273, 277-8, 281-5, 287-98, 301, 
332, 358, 361, 366, 371, 374, 379 
infrared 283-4 
mechanism 36, 278, 282-3 
output 278, 281-5, 287 
safety in manufacture 285-6, 290-1 

Flash crackers 106, 138-43 

Flash bulbs 286 
as power source for lasers 102 

Flash cubes 102, 286 
pyrotechnic ignition of 286 

Flash powder 70, 99, 101, 136, 140-41, 157, 
165, 167, 179, 180-9, 226, 228, 234, 256, 
286, 293-4, 360, 370, 393 

Flower pot 130, 255-6, 259, 360 
fountain 128-30, 259, 360 
shell malfunction 130, 255-6, 360 

Fhiorocarbons 36, 71, 94, 283-4, 303 
in flare compositions 36, 284 
with magnesium 36, 71, 94 

Fountains 110-11, 113, 126-31, 137, 155, 
161, 169, 259, 353, 355, 366, 377 

Free energy 45, 47-9, 68 

Friction primers 85 

Fulminate 85, 143, 361 

Fuses 107, 110-11, 113-14, 133, 139, 141-2, 
145, 185-7, 197, 214-16, 221, 228, 230, 
234, 236, 239, 242, 246, 250, 252, 256, 261, 
265, 301-2, 306, 367 

Fusee, sailroad 72, 78, 115-16, 121, 255, 361, 
371 


Gas generation 36, 103, 339-48 
in air bags 103 
in. the flame front 36 
invented delays 303-5, 308 
Gasless reactions 36, 264, 299, 308 
in obturated delays 303-4 
Gerbs 100, 110, 126-31, 133, 354, 362 
Girandolas 210-11, 362 
Glitter 70, 123, 130, 157, 159, 163, 168, 175, 
232, 337, 360, 362, 376, 378 
see also Tremalon 
Uafnium x, 273-5, 286-7 


in flares 273 
in flash bulbs 286-7 
Hammer shell 178, 238, 240, 363 
Llazardous materials 5-16, 104 
disposal 13-16, 239, 357 
storage 5,9 
Hazards 
for exothermic reactions 1, 32, 36, 51, 266, 
346-7, 349, 356 
from static discharge 6, 57-8, 71, 95, 285 
from toxic components 7, 10-14 
Heat of reaction 34, 44, 46-7, 49, 59, 89-91, 
288, 320 
determination 44, 46-7 
Heat paper 346 
HC smokes 258, 319, 320, 321 
Highway flare 74, 102 
High order reaction (detonation) 5, 8, 58, 86, 
101, 356-7, 364, 369 
of ammonium nitrate 8 
Hugoniot cquation 95, 364 
use in study of shock sensitivity 95 
Humidity 7, 70-1, 76, 80, 83, 87, 125, 184, 
263, 265, 275, 298, 328, 344 
as protection against static discharge 7, 
70-1, 87, 184, 263 
as hazard in formulation 80, 265 
Hummers 109, 126, 188, 216, 252, 362 
Hygroscopicity, of salts 173, 297-8, 347 
Hydrides, pyrophoricity of 64, 164, 288 
Hypergolicity 58, 71 


Iditol 151, 266, 364, 369 

Ignition x, 3, 5-6, 8-9, 31-3, 35, 37, 52, 55, 
58-66, 69-70, 72, 78-80, 82, 85-7, 89-93, 
95-6, 101, 113-16, 118, 135, 148, 151, 154, 
159, 169, 173, 183, 187, 189, 197, 202, 208, 
215, 217, 232, 237, 239, 256, 260, 262-5, 
269-70, 272, 274-5, 285, 290-1, 293, 296, 
299, 301-2, 305-7, 312-13, 315-16, 322-3, 
327, 334, 339-40, 343-4, 346-8, 353, 361, 
363-5, 369, 371-2, 376-7 
mixtures 3, 58, 85, 87, 92, 116, 217, 260, 

315 

sensitivity 93, 95 
temperature, of zirconiurn 274-5 

Impact 5, 61, 69-70, 92, 85, 87, 94-5, 101, 
115, 125, 140, 143, 151, 196, 256, 294, 300, 
312, 316, 318, 323, 335, 344, 370, 378 

Impurities, to enhance reactivity 32, 35, 121, 
264, 271 

infrared flare, composition 283 
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Incendiaries 312, 315 
bombs ~ see Rarmb 
pyrophoric fragment generation 65, 70 
small arms 294, 312, 316, 360 
Instrumental analysis vi, 39, 50, 265 
spectroscopy vii, 53 
thermal 2, 15, 31, 36, 50, 53, 358 
Inhibitors 8, 181, 356 
of chlorate decomposition 8, 80 
Intermetallic reactions x, 35, 315 
Tron oxide 32, 79, 81, 89-91, 136-7, 168, 312, 
321-2, 378 


Kinetics of reaction 51 


Laminac 89, 266, 283, 289-90, 296, 366 
Lances 112, 114, 117-23, 126, 133, 147, 211, 
213, 247 
Langlie test 23, 25-6, 28, 366 
Laser, pyrotechnic vii, vii, 58, 61, 87, 92-4, 
102 
Lead azide, in stab primers 7, 56, 85-6, 89, 94 
substitutes for 86, 401-3 
chromate, in delays 299, 302, 308 
oxide 88, 299, 303, 366 
dioxide 88-96, 329, 366 
monoxide 366 
tetroxide 158, 172, 366 
nitrate 9, 301 
styphnate, in percussion primers 85-9, 94, 
348 
Likelihood ratio test 27, 29-30 
Line broadening 40 
Line rockets 100, 134 
Lithium 37, 64-5, 340 
Light output 137, 178, 180, 278, 285, 287-9, 
392-4, 298 
Luminous efficiency 282, 293 
Luminescence 278, 254 


M-80 141-2, 185, 256, 367 

Magnalium 9, 69, 268-9, 312, 336, 355 
as incendiary 312 
in fireworks 130, 134, 146, 148, 150, 152-7, 
159-60, 163, 168, 172, 174, 176, 179, 181, 
188, 208 

Magnesium 7, 9, 14, 36, 46-7, 56, 65, 71-2, 


90, 101, 264, 267-8, 271-3, 278, 281, 283-5, 
288-90, 292-3, 296-8, 303, 312-17, 329, 
334, 336-8, 341, 360, 370 
combustion temperature 47, 267, 284 
effect of humidity on 9 
exposure to moisture and acid media 9, 72, 
147, 337 
in fireworks 107, 110, 121, 123, 140, 144, 
147, 151, 153-5, 160, 169, 180-1, 187-9, 
217, 221, 225, 
in flares 278, 281, 283-5, 288-90, 296, 298 
passivation 153, 268, 272 
reaction mechanism 36, 278 
reaction products 46-7, 281, 292 
Matches 3, 58, 64, 72, 74-84, 255, 266, 269, 
358, 367 
electric 252, 358 
formulation 79 
history 64, 74-6 
military 77-8, 83 
SAW (strike anywhere) 74, 77, 79, 81, 84 
safety 75-6, 79-82 
toxicity 74, 83 
Manganese delays 307 
Meal powder 110, 112, 114, 119, 122, 131, 
147, 153, 155, 161-2, 164, 198, 203-4, 208, 
212, 214, 219, 233, 363 
Mechanism of pyrotechnic reactions 
of sodium flare combustion 36, 278, 282-3 
Metallo-erganic compounds 65-8 
Melting point 35, 37-8, 44, 46, 263-4, 267-8, 
271, 273, 277, 289, 330, 348, 359 
of nitrates 37-8 
of oxides 263-4, 267, 273 
of reactants 35, 37, 330 
Mines 73, 101, 113, 135, 139, 163, 177, 187, 
189, 191, 244, 245-6, 300, 327, 342, 351-2, 
375 
Misch metal 65, 68-9 
Mixing 6-8, 70, 72, 114, 137, 155, 162, 167, 
173, 177, 179, 183, 270, 285-6, 290, 291, 
294, 298, 302, 314-5, 322-3, 330, 334 
Moisture 5, 7, 9, 63, 69, 72, 80, 83-4, 121, 
123, 137, 149, 154-5, 163, 173, 215, 258, 
261-3, 265, 268, 275, 289, 306, 308, 310, 
316, 329, 331, 335, 343-4, 356 
benefit in fornvilation 7, 261-3 
hazards 9, 63, 72, 149, 258, 268 
Molecular spectra 40 
Mortars 101, 112, 130, 163, 167, 181, 185, 
189-92, 195, 214, 219, 221-2, 224-7, 229, 
239, 242-4, 246-56, 284, 319, 342, 352-3, 
359-60, 366-8 
Maunsell scale 40 
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Neyer D-Optimal test 24-9, 368 
Nickel 12, 35, 55, 65, 69, 257, 277, 302, 311, 
315, 340, 372 
as Raney nickel 65, 257 
in intermetallic reactions x, 35, 315 
Nitrocellulose 61, 78, 86, 83, 89-92, 100, 113, 
160, 172, 247, 253, 304, 314, 330, 337, 343, 
345-7, 363, 376 
Normal distribution function 17, 21, 398-9 
Novolac ~ see Resins 


Obscuration by smoke 292, 314, 318-19, 329 

Obturation, effect on propagation rate 299, 
335 

Oscillatory reactions 7, 137, 155, 160 

Oxygen, from chlorates 15, 18, 50, 60, 71-2, 
82, 86, 102, 149, 151, 260, 264-5, 267, 270- 
1, 275, 269, 285, 286, 288, 297, 304, 312, 
315, 341, 344-6, 351, 353-4, 369, 373, 377, 
379 


Palladium 35, 357 
Paper 2, 8, 21-3, 27-8, 66-7, 75-8, 82, 97-8, 
103, 107-9, 110-17, 124-26, 131, 133, 139- 
Al, 143, 145, 160-1, 163, 165, 169, 171, 177, 
179, 183-4, 186-9, 191, 195, 197, 199, 209- 
10, 214-17, 220-32, 234-6, 238, 241-3, 245- 
6, 249-51, 254, 256, 258, 275, 278, 289, 302, 
306, 315, 334-5, 340, 354, 359-62, 364, 
370-2, 379 
Parachutes 108, 159, 210, 217, 224-5, 371 
Paris green 118, 123-4, 148-9, 159 
Particle size determination 5, 10, 35, 60, 69- 
71, 95, 107, 110, 155, 220, 257-9, 264, 267, 
274-5, 283, 285, 290, 293, 301, 303, 307-8, 
314, 318, 340, 377, 398 
Paste 107-9, 112, 161, 
186, 227, 229, 242, 306 
Paste-wrapping 165, 221, 230 
Perchlorates 36, 102, 114, 125, 153, 157, 75, 
192, 257-9, 261, 271-2, 281, 290, 297, 336 
Permanganates as oxidizers 73, 299, 303, 310 
Phosphorus 8-9, 12, 14, 63-4, 73-5, 77-83, 
107, 143, 145, 269-70, 272, 286, 300, 302, 
312, 314, 316, 319, 321, 323, 328, 334, 370 
red 8-9, 14, 63, 73, 75, 78, 80-1, 83, 143, 
145, 269-70, 272, 286, 302, 316, 328-9, 
334 
in fireworks 107, 143, 145, 269-70, 334 
im matches 75, 78, 81, 269 
in smoke compositions 269, 316, 328-9 
toxicity 83, 269 
with chlorates 8-9, 73, 270, 334 


166, 170, 173, 184, 


white 63-4, 74, 107, 300, 312, 314, 319, 321 
as incendiary 63-4, 312,314 
in matches 74 
sesquisulfide 64, 75, 77, 79, 81-2, 84 
Phosphine 12, 64, 67 
Photometry, units 52,277 
Photoflash composition 286 
Pictic acid 107, 136 
Polverone 111, 228, 231-4, 371 
Potassium chlorate 8, 72-5, 78-9, 83, 85-91, 
100-1, 114-15, 118, 120, 124, 132, 136, 143, 
146, 148-52, 154, 156, 165-6, 174, 177-83, 
192, 219-20, 259-60, 267-71, 286, 297, 322- 
3, 326, 328, 330, 334, 335, 337, 361 
in color compositions 114-5, 118, 120, 124, 
132, 146-52, 154, 174, 269-70, 297 
in matches 72, 75, 78-9, 81-3 
im report compositions 8, 139-40, 143, 165, 
177-83 
with ammonium salts 114, 259 
with red phosphorus 8-9, 73, 78, 143, 270, 
334 
with sugars in smoke cornpositions 322-3, 
326, 328, 330 
with sulfur 72, 114, 270, 323, 326 
Potassium nitrate 90-1, 101, 103, 110-11, 115, 
117-18, 122, 124-9, 131, 135, 144, 156, 158, 
160, 162, 164, 166, 168, 170, 172, 175-6, 
193, 198, 204, 212, 259, 261, 264-5, 267, 
269-71, 284, 289, 306, 328, 337, 340, 345, 
347, 352, 363, 371, 376 
synthesis and purification 270-1 
Potassium perchlorate 14, 32, 50, 69, 89, 91, 
102, 115, 118, 120, 122, 132, 136-7, 144, 
146, 148-50, 152-4, 156, 158, 166, 176, 178, 
180-3, 188, 192, 219, 220, 259-60, 265, 
271-2, 286, 293, 297, 283, 296, 302-3, 308, 
310-12, 321, 333-4, 337-8, 340, 348 
Powdered metals 164 
Primary explosive 3, 6, 56, 63, 85, 101, 136, 
143, 259, 299, 300, 308, 343, 352, 359, 361, 
365, 371, 374 
Primers vii, 58, 85-9, 95, 143, 259, 270, 304, 
306, 327, 335, 340, 351, 357, 370 
eflect of pressure on reaction 86, 92 
high temperature 86-7 
percussion 85-6, 88, 270, 296, 306, 351, 370 
stab 85-7, 259, 270 
Probability paper 21 
Probit 21-2, 25, 371 
Propellant Actuated Devices (PAD) 336, 369 
Pullmatch 77-8 
Pulsating reactions 335-7 
Pyrometry 53-4 
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Pyrophoricity 65, 68-70, 273 
Pyrofuze 35 
Pyrometers 54, 278 
brightness 54 
two-color 54 
Pyronol 315, 372 


Quickmatch 112-13, 117, 119, 124, 131, 133, 
190-1, 213, 250, 306, 361, 370, 372, 376 


Radiometry, units vii, 53-4, 277-8 
Rainmaking 331 
Raney nickel 65, 257 
Rare earth metals, pyrophoricity 65, 68-70, 
273 
Reaction rates 36, 92, 336 
gaseous reactions 53, 72 
gasless reactions 264 
Reaction ternperature, calculation of 33-5, 37, 
A2, 44, 46, 49, 52, 271, 284 
Reports 125, 127, 131, 135-7, 139, 145, 153, 
165, 167, 179, 181, 183-7, 189-92, 209-10, 
215, 217-8, 223-5, 230, 233-41, 245, 256 
Resins 32, 63, 90, 104, 107, 120-1, 131, 139, 
146-8, 151-3, 218, 221, 257, 265-6, 268, 
284-5, 289-90, 296, 314, 329, 348, 363-4, 
369, 373 
natural 120, 147, 151, 218, 265-6, 289, 363, 
373 
novolac 151, 364, 369, 373 
resole 151, 369, 373 
Resonance line broadening 40, 278, 282 
Rinfasciature 320 
Robbins-Monro test 22, 25, 373 
Rockets 36, 100, 103, 261, 316, 342, 354, 360, 
362 
fireworks 107, 109-10, 112, 114, 131, 
134-5, 139, 159, 163, 177, 187, 189-90, 
192-3, 198-9, 202-11, 244 
line 100, 134 
model 36, 103 
Roman candles 113, 163, 167, 169, 189, 193~ 
4, 196, 197, 205, 247 
Rosettes 182, 187 


Saettines 184-9, 237, 240, 256 

Safety fuse 77, 113, 121, 141, 304, 306, 333, 
351-2, 361, 374 

Safety, of matches 73, 75-83, 116, 270 

SAW (strike anywhere) matches 74, 77, 79, 
81, 84 

Saltpeter — see Potasstwum nitrate 

Salutes 17, 141-2, 181, 183, 190, 208, 216, 
224-5, 235, 247, 249, 253, 255-6, 273, 333 


Saxons 133-4, 188, 213 

Senko hanabi 125-6 

Serpents 126, 131, 134-5, 169, 187, 189, 191- 
2, 206, 230, 245-6, 252, 353, 375, 377 

Shells 78, 101, 107-13, 123, 130, 134, 136, 
137, 139, 141, 147, 149, 155, 159, 161, 163, 
165, 167, 169, 171, 173-9, 181, 183-93, 197, 
206-7, 209-10, 214-44, 246-56, 263, 265-6, 
289, 292-3, 301, 319, 321-2, 327, 331, 344, 
352, 354, 357, 360-3, 365-6, 368-76, 379 

Shock initiation of pyrotechnics 58, 62, 94-6 

Shock waves, danger from 5, 70, 94-5, 356, 
374 

Sieves, standard 110, 114-15, 136, 177, 183-4, 
193, 220, 258, 302, 277, 398 

Silica 267, 308, 314, 357 
colloidal, as anticaking agent 267 
catalytic reaction with 308 

Silanes 64, 264 

Silicon 32, 89-91, 122, 153, 158, 173, 263-4, 
284, 299, 302-3, 308, 317, 375 
as fuel in igniters 89-91, 264 
in delay columns 264, 299, 302-3, 308 

Simulation analysis 28 

Skyrockets — see Rockets 

Skywriting 102 

Slow match 111, 301, 367, 376 

Smoke 1, 11, 14, 16, 53-4, 64, 72, 87, 97-103, 
109, 115, 136, 138, 178-9, 210, 224-5, 256, 
258-9, 261, 269, 288, 291-2, 294, 297, 300, 
315-6, 318-29, 333, 335-6, 343, 376 
colored 321-3, 326-8 
HC type 319-21 
infrared screening 328 
screening 318-19 
toxicity 328 

Snakes 1066, 145 

Sodium, resonance line broadening 40 

Sodium-potassium alloy, Na-K 65, 137, 270, 
284 

Sodium bicarbonate 91, 123, 268, 322-3, 326 
as phlegmatizer 322-3, 326 
in frework compositions 123 

Sodium chlorate 8, 123, 272 
from weed killer 8 

Sodium nitrate 9, 36-7, 46, 90, 110, 120, 123, 
271, 278, 281, 285, 296, 315, 337-8, 344-5, 
348, 352 
in blackpowder 110, 352 
im flare compositions 9, 36, 46, 123, 278, 

281, 285, 296 

Sodium oxalate 115, 120, 123, 128, 132, 152, 

156-7, 168, 283, 296, 301, 337 
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Sound 1, 8, 73, 98, 101, 135-7, 157, 183, 193, 
205, 208, 240, 243, 252-3, 259, 294, 333, 
334, 336, 355, 357, 360, 361 
notsemaking 97-8 
whistling 135-7, 198, 208-9, 333-7 
Sparklers 106, 124-6 
Spectra, biatomic 40-2, 94, 102, 281, 283 
Spectral purity 40 
Spotting tracers 294, 316, 318 
Stab primers 85-7, 259, 270 
Stars 32, 103, 110, 114, 121, 123-4, 130, 133- 
4, 136, 144, 146-51, 153-77, 179, 183, 186, 
188-98, 206-10, 217-26, 228, 230-8, 240-1, 
246, 255-7, 259, 270, 272-3, 295, 337, 354- 
5, 357, 360, 362, 365, 369-71, 374, 376-7, 
379 
color 114, 121, 123-4, 130, 133-4, 136, 
146-55, 183, 188-9, 257, 259, 371, 377 

cut 159, 161, 225, 228 

in military pyrotechnics 295-6 

pillbox 169, 171, 232-3 

priming 110, 161, 232-3 

pumped 161, 163, 165, 167, 169, 197, 224, 
231-3, 355 

round 171, 173-7, 179, 196-7, 217-26, 241, 
374 

tailed 155, 157, 159, 162, 164, 166, 168, 
170, 189, 287, 337, 354, 360, 365, 369, 
376, 379 

Styphnate, lead 85-9, 94, 348 

Static electricity 6, 87, 340 
as a cause of dust explosions 9, 70-1, 275 

Statistical analysis 19, 27-30 

Strontium salts 13, 101-2, 115-6, 118-9, 121- 
2, 132, 146, 149, 151, 154, 156, 160-1, 168, 
170, 174, 179, 181, 203, 260, 268-9, 288-9, 
296-7, 316-7, 337-8 

Sugars, as fuels 8, 73, 75, 90, 101, 265, 322-3, 
326, 330, 340, 344 

Sun and planets 240 

Sulfur 8-9, 53, 63-4, 72-5, 79-81, 85, 91, 101- 
3, 110-12, 114-15, 117, 122, 125-6, 128-30, 
132-3, 139, 144, 147-9, 152-3, 155-60, 162, 
164-5, 168-70, 172-3, 175-6, 178, 180-1, 
183, 193-5, 198, 204, 208, 212, 218, 220, 
232, 260-1, 264, 267-8, 270, 272, 307, 314- 
15, 319, 322-3, 326, 329-30, 325, 333-4, 
339, 341, 343-4, 348, 352, 354, 363, 371 
by grinding 272 
flour 272 
flowers of 272 


Teflon, with magnesium, as igniter 36, 71, 94, 
303 
Temperature measurements 53-5, 332 
by line reversal 54-5 
by pyrometry 54-5 
with thermocouples 55 
‘Theatrical effects 97, 100-2, 106 
‘Thermate 314-15, 378 
‘Thermite reactions 33, 315, 341 
Thermodynamic tables, use of 47 
Thermoceuple combinations 55 
Thermogravimetric analysis 36, $2, 378 
Time fuses 114, 185, 215-16, 228, 234, 239, 
242, 246, 252, 256 
‘Yimed inserts, in firework shells 234-5, 238- 
40 
Titanium x, 9, 32, 35, 69, 90, 102, 257, 267-8, 
273-6, 286, 288, 312, 360 
as fuel 90, 257, 267-8, 273-5, 286, 288, 312, 
360 
as pyrophoric fragment generator 69, 273 
in fireworks 107, 122, 128, 130, 132, 136-7, 
155, 157-8, 163-4, 170, 175-6, 182, 
184-8, 208, 212, 218, 253, 273, 360 
in ignition mixtures 35 
tetrachloride 102, 319, 323 
Torpedoes 8, 143, 333, 335, 361, 378 
Tourbillions 109, 188, 189, 211-13, 226, 230, 
232, 234, 238, 378 
‘Tracer munitions x, 266, 312, 316-18 
as incendiaries 316 
compositions 266, 317 
‘Transformation comets 169, 224 
Tremalon 70, 123, 157, 163, 168, 191, 232, 
240, 337, 360, 362, 378 
‘Triangular graphs 40, 310, 337 
‘Tristimulus color system 42 
Toxicity vii, 7, 10-12, 74, 83, 107, 123-4, 138, 
2359-60, 268-9, 318, 328-9 
of elements and compounds 10-12, 107, 
123-4, 138, 259-60, 268-9 
of matches 74, 83 
of organic dyes as used in smoke 11, 318, 
328-9 
‘Tungsten delays 33, 308 
Twine 109, 112, 126, 139, 145, 199, 210, 221- 
2, 226-7, 229-30, 237, 376 


Units and conversions 45, 279-81 
Uranium x, 12, 69, 288 

depleted 69 

pyrophoricity 69-70 
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Vapor pressure, of clements 15, 32, 46, 69, 71, 
267, 313, 320, 379 

Variation function analysis 27 

Volcanoes, simulation 101 


Water 1, 6, 8-9, 13-14, 63-6, 71-2, 76, 79-80, 
83-4, 102, 107-8, 110, 113, 125, 127, 143, 
148-7, 149, 153-4, 160-1, 163, 167-8, 170- 
3, 177-8, 182, 191, 193, 207, 215, 244-7, 
254-5, 287-8, 260-1, 265-6, 269-71, 275, 
301, 306, 316, 319, 321, 323, 330-1, 334-4, 
339, 344, 346-7, 363-4, 368-9, 372-3 
as inhibitor 7,71, 261-3 
as trigger for reactions 9, 66, 72, 149, 258-9, 

268 
to be avoided 9, 153 
Waterfalls 124, 133, 258, 354 


Wheels 85, 110, 112, 117, 126, 131-2, 133-5, 
137, 199, 210-11, 213, 244, 335, 343, 357, 
362 

Whistles and whistling compositions 134-8, 
187-90, 197, 208-9, 225-6, 230, 238, 335-6, 
362 
mechanism of reaction 336 


Zirconium x, 3, 9, 37, 69, 71, 88, 90, 92, 102, 
107, 182, 287, 259-60, 273-6, 286, 288, 294, 
302, 311-13, 316, 340, 360, 370 
as pyrophoric fragment generator 69, 313 
in flashbulbs 102, 286 
in ignition mixtures 37, 88, 90, 260 
salts, as anticaking agents 267 
storage 9, 71, 275-6 
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A Note on the Type and Printing 


The text of this book is set in Adobe Caslon, enhanced with the typographic 
refinements of the Adobe Caslon Expert Collection. It takes its name from 
William Caslon (1692-1766), the great English letter-founder. Prior to Caslon’s 
time, most of the printing types used in Britain had been imported from the 
Netherlands, and British printing had little distinct national character. Caslon 
had been apprenticed to an engraver of gun-locks and barrels, and later did 
silver-chasing and cut tools for bookbinders, prior to taking up the type- 
founding business. Grace and legibility without distracting ornament are the 
hallmarks of his designs. 

Adobe Caslon is patterned after American Type Founders’ Caslon Old Style 
471, among the most faithful reproductions in moder times of the types shown 
in Caslon’s Specimen of 1763, the first type specimen-book issued in England. 

This book has been designed, printed on acid-free paper, and durably bound by 
the Smyth-sewn process, by Bayport Printing House, Inc., Bayport, Minnesota, 
United States of America. 
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